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ABSTRACT 

RNA interference (RNAi) is the dsRNA-triggered gene regulatory mechanism that is 

evolutionally conserved in most eukaryotic cells. It has been widely used as a powerful 

tool for functional genomics in various organisms. In flies, mosquitoes or other insect 

cells, gene functional analysis by RNAi is usually performed through introduced dsRNAs 

that are synthesized by in vitro transcription. 

RNAi serves as an important innate immunity against viruses in plants and invertebrates. 

It has recently been shown that Aedes albopictus mosquito C6/36 cells, commonly used 

for arbovirus propagation, possess an impaired RNAi pathway. In this study, we 

developed in vitro Dicer assay using extracts prepared from mosquito cells. Our results 

confirmed the inability of C6/36 cells to process dsRNAs into siRNAs, which is 

consistent with the loss-of-function of Dcr-2 due to a frameshift mutation. However, such 

a defect could not be complemented by introduction of Drosophila Dicer-2. To evaluate 

the RNAi-based antiviral mechanism in C6/36 cells, we analyzed the replication of a 

mutant Nodamura virus (NoV) genomic RNA1 of which viral RNAi suppressor B2 is not 

expressed (NoVR1ΔB2) and cannot accumulate to a detectable level in RNAi-competent 

cells. In C6/36 cells, the defective RNAi gives rise to complete restoration of NoVR1ΔB2 

replication, suggesting that RNAi is the primary antiviral immunity in mosquito cells. 

At present, dsRNA, as the trigger of the antiviral RNAi pathway in invertebrate and 

plants, is the major efficiency limitation factor in RNAi. In this study, a plasmid-based 

system was developed to express dsRNA intracellular from a DNA cassette containing 

two convergent T7 promoters in Drosophila S2 cells. Efficient knockdown of a 



iv 

 

transiently expressed reporter gene or an endogenous gene can be achieved by dsRNA 

expressed from the system. A random cDNA library was constructed in the dsRNA 

expression cassette and initial screening led to identification of two host factors that are 

involved in antiviral response in Drosophila S2 cells. The plasmid-based dsRNA 

expression system provides an alternative tool for functional genomics in Drosophila and 

other insect cells. 
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CHAPTER 1 INTRODUCTION 

1.1 Dengue Virus 

Dengue is the most prevalent mosquito-borne viral disease in humans in tropical and sub-

tropical region all over the world. It is caused by dengue virus (DV) which belongs to the 

genus Flavivirus in the family Flaviviridae. Transmission of DV to humans is mediated 

by Aedes mosquitoes, including the primary vector Aedes aegypti and the secondary 

vector Aedes albopictus.  Unlike in human hosts where DV infection is acute and often 

causes diseases, DV is generally not pathogenic to vector mosquitoes, and able to achieve 

persistent infection which is required for successful transmission. Mosquitoes get DV 

after ingestion of blood from infected humans, the virus can replicate in midgut epithelial 

cells, and then disseminate through haemocoel into salivary glands and other tissues (1). 

Different from vertebrates, mosquitoes lack the adaptive immune system. The innate 

immunity is similar to those of vertebrates , it not only confer the defense against bacteria, 

fungi and protozoa, also against some virus infection (2-4). In addition to physical and 

chemical barriers that contribute to vector competence, the cellular antiviral response has 

not yet been well-understood in mosquitoes (1, 5), but some of the cellular pathway such 

as Toll pathway, Imd pathway and Jak-STAT pathway were involved in antiviral 

response in different ways (6-11). After a mosquito get the virus from infected people, 

the mosquito remains persistently infected and can pass the virus to a susceptible 

individual during next blood feeding. DV is maintained in continuous cycles of human-

mosquito-human transmission. Infection of DV is manifested from mild, flu-like 

symptoms to severe forms, dengue hemorrhagic fever (DHF) and dengue shock 

syndrome (DSS). Dengue is endemic in tropical and sub-tropical regions, where 2.5 

billion people living in urban and rural areas are at risk. There are about 390 million 
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cases of infection each year and about 500, 000 cases develop to DHF or DSS (12) with a 

mortality rate varying from 1% to 5% (13-17). In the United States, Ae. albopictus 

mosquitoes has expanded infestation sites into 36 states in last two decades, resulting in 

increased risks of dengue infection (18-20). Since the outbreak in Florida and Hawaii in 

2011, dengue has appeared more frequently along the U.S.-Mexico border, and threatens 

to reach a potential epidemic in the U.S. territory, Puerto Rico in 2007 (20-22). Emerging 

and resurging of dengue is increasingly recognized as a major public health issue in the 

world. DV has a positive single-stranded RNA genome that is approximately 11,000 

nucleotides long and encodes a single open reading frame flanked by 5’- and 3’-

noncoding regions. Translation of the single open reading frame produces a polyprotein 

that can be processed into three structural proteins, including nucleocapsid or core protein 

(C), a membrane-associated protein (prM), an envelope protein (E), and seven 

nonstructural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5) (23-25). There 

are four serotypes of DV (DV-1, DV-2, DV-3 and DV-4), all of which have the potential 

to cause dengue fever (13). Recently, scientist reported that a fifth dengue virus was 

discovered in Malaysia, the first new subtype in last fifty years (12). Development of 

severe DHF and DSS is often associated with sequential infection with a distinct serotype 

of DV (26), which makes it more challengeable to develop and use vaccines (27, 28). 

Currently there is no approved drug and vaccine available for treatment and prevention, a 

few advanced tetravalent vaccines are still on their way which may offer a promising 

effect in the near future (29-32, 17). While the discovery of the fifth serotype (DV-5?) 

put new challenge on the vaccine development against all types simultaneously (12). The 

conventional vector control program that combined the emphasis on elimination of 
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mosquito breeding sites with applications of effective insecticides was very successful in 

disruption of transmission of malaria, dengue and yellow fever by 1960s, but failed since 

1970s because of complicated reasons, such as loss of financial supports, emergence of 

insecticide-resistant mosquito populations, environmental issues of insecticides (14) etc. 

The failure continuation of the vector control program, together with increased global 

trade, travel, urbanization and climate changes, result in emergence and resurgence of 

many vector-borne diseases including dengue (14). The problem should be solved. In 

addition to improve the conventional vector control program and strengthen the efforts to 

develop vaccines and antiviral drugs, new strategies for interrupting the mosquitoes-

human contact are also critically needed, which largely rely on further understanding the 

mechanisms of dengue virus-mosquito interactions.  

1.2 Antiviral immunity in insect cells 

1.2.1 RNA interference (RNAi) as antiviral mechanism in insects.  

RNA interference (RNAi) is a small RNA-mediated gene regulatory mechanism that is 

evolutionally conserved in most eukaryotic organisms (33). There are two major classes 

of small RNAs, short interfering RNAs (siRNAs) and microRNAs (miRNAs) (34). To 

expand the potent application of RNAi-based antivirals, it is important to understand the 

underlying mechanisms and the function of RNAi in cell biology. During last few years, 

accumulated evidence supports the view that RNAi serves as an antiviral defense in 

invertebrates (71, 67). RNAi is a small RNA-mediated gene regulatory mechanism that is 

conserved in plants, fungi, worms, insects and mammals (35, 36, 37, 38, 39). In RNAi 

machinery, a class of 21 to 25 nucleotides (nt) small regulatory RNAs play a major role 
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in regulating target gene expression (40, 41). These small RNAs can be divided into two 

groups based on their biogenesis and modes of function: small interfering RNAs (siRNA) 

and microRNAs (miRNA) (42-44).  SiRNAs are processed from double-stranded RNAs 

(dsRNA) by the RNaseIII family enzyme called Dicer (Dcr) in cytoplasm(51). In plants, 

the dsRNA triggers may be derived from viral replicative intermediates, direct 

introduction of exogenous dsRNAs, inverted-repeat transgenes, products of endogenous 

RNA-dependant RNA polymerase, fold-back structures of RNAs, and transposons. 

SiRNAs are incorporated into the RNA-induced silencing complex (RISC) that contains 

the major component Argonaute (AGO) protein, and guide specific cleavage of 

complementary mRNAs at the central position of a siRNA/mRNA paring (52-54). 

MiRNAs are chemically similar to siRNAs, but they are encoded by evolutionarily 

conserved miRNA genes. Long primary transcripts expressed from miRNA genes can be 

processed into 70-nt long pre-miRNAs, which are exported to the cytoplasm and 

subsequently diced into ~22 nt miRNAs (45, 46). Mature miRNAs can be loaded into 

RISC, and direct inhibitory process of target mRNA expression.  It’s known that RNAi 

machinery plays important roles in many biological processes, such as developmental 

control, physiological regulation, and stress responses. The first experimental evidence 

that demonstrates the natural antiviral roles of RNAi in animals was established in 

Drosophila cells infected with an insect virus flock house virus (FHV, Alphanodavirus, 

Nodaviridae) (64, 60). FHV is both trigger and target of the antiviral RNAi, and B2 

protein of FHV is identified as a RNAi suppressor which counteracts such an antiviral 

response and is required for successful infection (60, 76). Recently, further genetic 

evidence has demonstrated that RNAi pathway in adult Drosophila acts as an innate 
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immunity against virus infection, and the dsRNAs produced during virus replication are 

the trigger of RNAi where Dcr2 and AGO2 serve as host sensor and effector of the 

antiviral immunity (58-61).  

In Drosophila, there are distinct RNAi components required for production and function 

of siRNAs and miRNAs (47, 48). Dicer-2 serves as the central engine to sense double-

stranded RNA (dsRNA) triggers, and to process them into siRNAs (49). The siRNAs are 

subsequently loaded onto the RNA induced silencing complex (RISC), and guide the 

RISC to recognize cognate mRNAs for destruction (50, 51). The target mRNAs is 

cleaved by Argonaute 2 (Ago2) protein at the central position of a siRNA/mRNA paring 

(48, 50, 52). For the biogenesis of miRNAs, Pasha and Drosha form the microprocessor 

that converts primary miRNAs into precursor miRNAs (pre- miRNAs) (53). A complex 

of Dicer-1 and Loquacious is required for processing of stem-loop structures of pre-

miRNAs into mature miRNAs (54-56). AGO1 is involved for mature miRNA production, 

and also has impacts on miRNA-directed regulation of target mRNA (48). It is currently 

estimated that expression of at least 30% of all human genes is regulated by miRNAs 

(57). RNAi has been identified as a component of antiviral immunity in adult Drosophila 

(58-62) and in nematode worms Caenorthabditis elegans (62-64). RNAi has also served 

as an important antiviral defense in fungi (65, 66). In the siRNA pathway, the dsRNA 

triggers are generally derived from viral infection, direct introduction of exogenous 

dsRNAs, transcription of an inverted repeat transgene, processing of fold-back structures 

of RNAs, mobilization of transposable elements, or activities of endogenous RNA-

dependant RNA polymerase (RdRP), especially in plants (67). In plants and invertebrates 

infected with viruses, dsRNAs generated from replicating viruses can be processed by 
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RNAi machinery, leading to accumulation of viral-specific siRNAs and inhibition of viral 

replication (67-69, 59, 70-73). Virus-specific RNAi is induced during viral infection, and 

plays a role in antiviral immunity (59, 74-76). In Drosophila, evidence from extensive 

studies using cultured cells and whole flies strongly supports the concept of antiviral 

RNAi (78, 59, 75, 79). On the other hand, viruses also evolve strategies to counteract the 

RNAi-based immunity. Non-structural or structural proteins encoded by a variety of 

viruses have been identified as viral suppressors of RNAi (VSR) (67, 59, 75-78). 

Mechanistically, most characterized VSRs suppress RNAi by sequestration of dsRNAs or 

siRNAs. VSRs bind to dsRNAs or siRNAs in a sequence-independent way, and protect 

dsRNAs from being processed by Dicer or prevent incorporation of siRNAs into the 

RISC (75, 78, 62, 79). At the cellular level, the RNAi pathway is an important component 

of innate antiviral immunity in Drosophila (61, 80, 57, 58, 81). Except its role in RNAi, 

the evolutionarily conserved DExD/H-box helicase Dicer-2 is also involved in controlling 

an inducible antiviral response in the fat body in Drosophila (82, 94). Recently in 

Drosophila, the toll pathway is demonstrated important for an antiviral response against 

Drosophila X virus (DXV), the Imd pathway in antiviral response against Cricket 

Paralysis virus (CrPV) and Jak-STAT signaling pathway is required but not sufficient for 

the host defense against Drosophila C virus (DCV) (89-91). 

The RNAi pathway in mosquitoes was firstly described based on comparative genome 

analysis of Aedes aegypti, Anopheles gambiae and Drosophila melanogaster. 

Expressions of mosquito Dcr2, AGO2, AGO3 and AGO4 are required for active RNAi 

pathway in cultured cells (83, 84). Because many viruses that infect mosquitoes are 

ssRNA viruses, it is not surprising that those viruses can be targeted by RNAi mechanism. 
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At the whole organism level, depletion of AGO2 by dsRNA injection led to wide 

spreading of alphavirus O'nyong-nyong virus in An. gambiae  mosquitoes (85). Infection 

of Ae. aegypti mosquitoes with Sindbis virus carrying a sequences derived from DENV 

genome results in resistance to the challenge of homologous DENV (86). Moreover, 

dsRNAs expressed from inverted-repeat transgenes, which are derived from the DENV-2 

genome, can dramatically knock down DENV-2 accumulation in Ae. albopictus mosquito 

cells (87), and also can lead to impaired vector competence for DENV-2 in Ae. aegypti 

mosquitoes (88). It is very clear that viruses could be targeted by RNAi machinery in 

engineered mosquitoes. In addition to physical and chemical barriers that contribute to 

vector competence, the cellular antiviral response has not yet been well-understood in 

mosquitoes (1, 5), while some of the cellular pathway such as Toll pathway, Imd pathway 

and Jak-STAT pathway were indeed involved in antiviral response against different 

viruses (6-11), even though many important questions about the cellular responses to 

viral infection in mosquito cells still remain to be answered.  

1.2.2 Other innate immune responses in insects 

Innate immunity is an ancient defense that enables multicellular organisms to detect and 

fight infectious microbes (90). In addition to RNAi, other innate immune response also 

plays a role in antimicrobial response in Drosophila. Such as Toll pathway not only 

controls resistance to fungal and Gram-positive bacterial infection, but also involved in 

antiviral response for Drosophila X virus in Drosophila melanogaster (91, 92). While 

Gram-negative bacteria mainly activate the immune deficiency (Imd) pathway, which 

governs expression of the genes encoding many antibacterial peptides (AMPs) (93). 

Recent research indicated that Imd pathway is also involved in antiviral immune 
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responses against Cricket Paralysis virus in Drosophila (93). In addition to Toll and Imd 

pathways, a third, evolutionary conserved innate immunity pathway, Jak-STAT (Janus 

kinase-signal transducer and activator of transcription) also counteract viral infection in 

Drosophila (90). In this study, they also found that Jak-STAT signaling pathway is 

required but not sufficient for the antiviral response against Drosophila C virus in 

Drosophila (90), it requires other pathways like Toll pathway and Imd pathway work 

together to counteract the viral infection. Recent studies demonstrated that the Toll 

pathway is required for the efficient inhibition of DXV replication and spread during 

infection in Drosophila (6). They also found that DXV and E. coli infection induce 

similar expression levels of the Toll and Imd pathway target genes at different time points, 

which indicated that both the Toll and Imd signaling pathways are induced upon viral 

infection. They also found that the expression of any of these AMPs alone is not 

sufficient to confer viral resistance in Drosophila, which suggests that the antiviral 

response is cellular mediated. In Ae. aegypti mosquitoes, the activation of the Toll 

pathway through RNAi-mediated silencing of the negative regulator Cactus, inhibited 

first dengue replication in the midgut tissue, while repression of the Toll pathway through 

gene silencing of MyD88 significantly improved the dengue virus replication. These 

results demonstrated that the Toll pathway regulates anti-dengue defenses throughout the 

virus cycle in the mosquito. Also, this inhibition may be crucial for the duration of the 

extrinsic incubation period of the dengue virus in mosquito (6, 7). This study also 

indicated that Ae. aegypti Toll pathway is universal anti-dengue defense response 

independent of virus serotype specificity. Dengue infection also can activate Toll 

pathway, which in turn induces a mechanism that suppress the virus infection (6, 7). 
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Based on the transcriptional expression profiles of mosquito midguts infected with 

sindbis (SIN) virus, Sander et al., (2005) hypothesized that early innate immune 

responses to SIN infection was mediated by Toll pathway, which is later shut-off and the 

Imd pathway is activated by infection later, which means only Imd pathway but not Toll 

pathway has an antiviral effect at the level SIN RNA replication (8, 9). The observation 

of enhanced RNA replication in Drosophila deficient in components of the Imd pathway 

and increase in Relish dependent transcription in flies challenged with SIN replicon RNA 

demonstrated that for the first time that Imd/Relish pathway is involved in antiviral 

defense response (9). Other study also indicated that the Imd pathway is involved in 

antiviral immune responses to Cricket Paralysis virus (CrPV) infection in Drosophila 

(93). Recent study demonstrated that the Jak-STAT pathway can inhibit dengue virus 

infection in Ae. aegypti mosquitoes (10). The dengue infection activates the Jak-STAT 

immune signaling pathway, which in turn will control the virus replication. Their results 

suggested that the Jak-STAT pathway is part of the Ae. aegypti mosquito’s anti-dengue 

defense system and may act independently of the Toll pathway and the RNAi-mediated 

antiviral defenses (10). While in Drosophila, the Jak-STAT signaling pathway is required 

in antiviral defense, but not sufficient to activate the antiviral immune response in 

Drosophila by itself (10).   
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1.3 Specific Aims of this research  

Dengue is one of the most prevalent mosquito-borne diseases in tropical and sub-tropical 

area. Due to the fact that there is no effective vaccine or antiviral drugs available to 

counteract the dengue virus infection, the vector control will still be the most efficient 

strategies in controlling dengue endemic. In the traditional vector controlling strategies, 

due to environmental concern from the insecticide (14) and insecticide resistance 

development in insect, the biological control will be the next prevalent strategy for it. In 

this study, we established plasmid-based dsRNA expression system in insect cells. By 

applying this system, we can screen insect and host factors that are required for dengue 

replication and infection. Once repress these factors by RNAi-mediated silencing, we can 

efficiently restrict the dengue virus replication/infection in transmission vector or host. 

Also, those genes can be used as potential antiviral drug target in host or biological 

control target in insect control.  

As the primary vector of dengue transmission, Ae. aegypti genome sequences are 

available, but Aag2, ATC-10 cell lines are hard to be transfected, which makes RNAi-

mediated silencing of target gene impossible. Secondary vector, Ae. albopictus C6/36 cell 

line is transfectable and comparable to Drosophila S2 cells, but no sequence available. 

While we still can employ Suppression Subtractive Hybridization (SSH) to screen and 

characterize genes that were differential expressed in response to dengue infection in 

C6/36 cells. Suppression Subtractive Hybridization (SSH) is PCR-based amplification of 

only cDNA fragments that differ between a control (driver) and experimental 

transcriptome. Differences in relative abundance of transcripts are highlighted, as are 

genetic differences between species. Removal of dsDNA formed by hybridization 
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between a control and test sample, thus eliminating cDNAs or gDNAs of similar 

abundance, and retaining differentially expressed, or variable in sequence, transcripts or 

genomic sequences 

1.4.1 Differentially expressed genes in Ae. albopictus C6/36 cells in response to dengue 

infection  

Suppression Subtractive Hybridization (SSH) was employed to screen and characterize 

genes that were differential expressed in Ae. albopictus C6/36 cell line in response to  

dengue virus type 2 (New Guinea-C strain) infection. By this study, we expect to 

discover some novel insect cellular factors required for dengue virus replication in the 

mosquito transmission vectors.  

1.4.2 Characterization of the antiviral RNAi pathway in Ae. albopictus C6/36 cell line 

Ae. albopictus C6/36 clone is one of the most commonly used mosquito cell lines for the 

propagation of arboviruses. Compared to original uncloned heterogeneous cells and other 

cloned cells, C6/36 cell exhibits a high degree of susceptibility to infection by many 

arboviruses. It’s important to understand the antiviral RNAi pathway in Ae. albopictus 

C6/36 in order to elucidate the reason for its high susceptibility and permissibility to 

arbovirues infection. 

1.4.3 Development of plasmid-based dsRNA expression system in insect cells 

Double-stranded RNA (dsRNA) is the trigger of RNA interference (RNAi)-mediated 

gene regulation. Dicer processes dsRNAs into short interfering RNAs (siRNAs), which 

are incorporated into the effector RNA induced silencing complex (RISC) and direct 

degradation of homologous target mRNAs. In plants and invertebrates, the RNAi 

machinery also acts as an antiviral mechanism through production of viral siRNAs by 
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Dicer and silencing of replicating viruses. In this study, we try to establish a plasmid-

based, high efficiency dsRNA expression system in insect cells that can be used for large 

scale screening of novel cellular factor required for virus infection/replication. 

1.4.4 Construction of dsRNA library and identification of novel genes involved in 

antiviral response in insect cells 

To test the feasibility of the dsRNA expression system for functional genomic analysis, a 

plasmid-based random cDNA library was constructed by cloning Drosophila cDNAs into 

EcoR I site on pUC/DS. In presence of T7 RNA polymerase, the pUC/DS-based cDNA 

library is equivalent to a dsRNA library because dsRNAs can be expressed from the 

inserted cDNAs in transfected cells. As shown before, depletion of the core component 

(Ago-2) in antiviral RNAi by dsRNA gives rise to rescue of NoVR1GFP, during which 

GFP presents a visible marker for viral replication. However, it is not known if there is 

any cellular factor that is not known to be involved in antiviral response but could bring 

NoVR1GFP to replicate to a significant level when its expression is inhibited. To identify 

such factors, initial screening was performed using pUC/DS-based dsRNA library, and a 

B2-null RNA1 mutant of flock house virus (FHV), FHVR1GFP, served as a reporter 

because of its minimal and low background viral replication compared to NoVR1GFP 

(62, 76, 94). 
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CHAPTER 2 MATERIALS AND METHODS 

2.1 Cell cultures and transfection 

Drosophila melanogaster S2 cells, Ae. albopictus C6/36 cells, An. gambiae 4a-2s4 cells, 

Ae. aegypti Aag2 and ATC-10 cells were passaged and maintained at 27°C in Schneider’s 

Drosophila media (GIBCO) supplemented with 100 units/ml penicillin, 100 μg/ml 

streptomycin and 10% FBS (20% FBS for 4a-2s4). When cells are ready (90-100% 

confluency), cells were passaged into 24-well plate with concentration of 0.5 ~ 1.0 × 10
6
 

cells/ml one day before transfection. Transfection was performed using the 

Lipofectamine
TM

 LTX and Plus
TM

 Reagent (Invitrogen) when the cells reached to 50-

80% confluency by following the manufacturer’s instructions. For 24-well plate, 0.5 µg 

of each plasmid DNA was diluted in 100 µl Opti-MEM
®

I reduced serum medium. Mix 

Plus
TM

 reagent gently before use, add 0.5 µl Plus
TM

 reagent for each plasmid into the 

diluted DNA. Mix gently and incubate for 5 minutes at room temperature. Mix 

lipofectamine
TM

 LTX gently before use, and add 1.25 µl LTX directly to the diluted 

DNA. Mix thoroughly. Incubate the mixture 30 minutes at room temperature for the 

DNA-lipid complexes. The DNA-lipid complexes are stable for 6 hours at room 

temperature. After the incubation, mix the complexes by pipetting up and down couple 

times, and then add the complexes dropwise to the well containing cells. Mix gently by 

rocking the plate back and forth. Incubate the cells at in 27
o
C incubator for 18-48 hours 

prior testing for transgene expression efficiency.  

2.2 Plasmids and viruses 

The eGFP gene was cloned into pIZ/V5 His (Invitrogen) at BamH I/Xho I sites, 

generating pIZ/eGFP. The cDNA clones for nodamura virus (NoV) wild type (wt) RNA1 

and RNA1 B2-deletion mutant (RNA1ΔB2) have been described previously (62). NoV 
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RNA1 frameshift mutant (RNA1fs) contains a mutation in the ORF of viral RNA-

dependent RNA polymerase (RdRP), which abolishes its activity for viral replication.  

The full-length viral cDNAs were cloned downstream of a T7 promoter, and infectious 

NoV RNA1 transcripts were synthesized using the mMESSAGE mMACHINE® T7 kit 

(Ambion) by following the manufacturer’s instructions. The infectious NoV RNA1 clone 

was linearized by any unique restriction enzyme downstream of the full-length viral 

cDNAs, after purification by phenol/chloroform (1:1), the linearized plasmid (1 µg) will 

serve as the transcription template. The transcription reactions need to be assembled at 

room temperature to avoid the spermidine in the 10 × reaction buffer to coprecipitate the 

template DNA on ice. After the transcription reaction assembled, the reactions were 

incubated at 37
o
C for 2 hours to maximum the yield.  Then add 1 µl DNase, mix well and 

incubate 15 minutes at 37
o
C to remove the template DNA. After the DNase treatment, the 

mixtures were phenol: chloroform (1:1) extracted and isopropanol precipitated for the 

purification purpose. This process will remove all enzyme and most of the free 

nucleotides from mMESSAGE mMACHINE Kit reactions. Add 295 µl nuclease-free 

water and 35 µl ammonium acetate stop solution, and mix thoroughly. Extract with an 

equal volume (350 µl) of phenol/chloroform (1:1) it can be water-saturated, buffer-

saturated, or acidic), and then with an equal volume of chloroform. Recover aqueous 

phase and transfer to new tube, precipitate the RNA by adding equal volume of 

isopropanol and mixing well. Chill the mixture for at least 15 minutes at -20
o
C, 

centrifuge at 4
o
C for 15 minutes at 13, 500 rpm (Eppendorf, Centrifuge 5804 R, FA-45-

30-11 rotor) to pellet the RNA. Discard the supernatant solution, wash the pellet once 



15 

 

with 500 µl 80% ethanol, and resuspend the RNA in a nuclease-free water, store frozen at 

-70
o
C for later transfection.  

The equal amounts of RNA transcripts (1 µg) were transfected into D. melanogaster S2 

cells, Ae. albopictus C6/36 cells and An. gambiae 4a-2s4 cells cultured in 12-well plates 

respectively using Transmessenger Transfection Reagent (Qiagen). For 24-well plate, on 

the day of transfection, dilute 1.6 µl Enhancer R in Buffer EC-R. Add 0.8 µg RNA 

(minimum RNA concentration 0.1 µg/ µl) to make the final volume of 100 µl (Enhancer 

R + Buffer EC-R + RNA = 100 µl) and mix by vortexing for 10 seconds (Important 

Note: 1. Always mix Enhancer R with Buffer EC-R before adding RNA, 2. Always keep 

the ratio of RNA to Enhancer R constant). Incubate the mixture at room temperature for 5 

minutes, then spin down the mixture for a few seconds to collect drops from the top of 

the tubes. Add 4 µl TransMessenger Transfection Reagent to the RNA-Enhancer R 

mixture. Mix by pipetting up and down 5 times, or by vortexing for 10 seconds. Incubate 

the samples for 10 minutes at room temperature to allow transfection-complex formation. 

While complex formation takes place, gently aspirate the growth medium from the plate, 

and carefully wash cells once with sterile 1 × PBS using 1.5 – 2 times the volume of the 

medium used for cell seeding. Add 100 µl cell growth medium without serum or 

antibiotics to the tube containing the transfection complexes. Mix by pipetting up and 

down twice, then immediately add the transfection complexes drop-wise onto the cells. 

Gently swirl the plate to ensure uniform distribution of the transfection complexes. 

Incubate cells with the transfection complexes for 3 hours under their normal growth 

conditions. Remove the complexes from the cells. Wash cells once with 1 × PBS, then 

add 0.5 ml fresh medium containing serum and antibiotics to the cells. At two days after 
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transfection, cells were collected and total RNAs were extracted from transfected cells 

using the Trizol Reagent (Invitrogen). 

Plasmid-based dsRNA expression system pUC/DS was generated by inserting the dsRNA 

expression cassette at the BamH I/Sac I sites in pUC19, which carries two convergent T7 

promoters with an EcoR I site in-between and flanked by a T7 terminator and an E. coli 

rrnB T1 transcription terminator sequence. It was generated by a two-step cloning, and 

each step involves cloning of annealed long oligonucleotides that contain one T7 

promoter with a terminator into pUC19 between Sac I and BamH I. EcoR I site was 

included in the oligonucleotides at the end of T7 promoter sequence, and served as the 

cloning site for cDNA insertion. T7 RNA polymerase and poly (A) signal was cloned at 

Hind III/Cla I site to generate pIB/T7. pDS was constructed by inserting the dsRNA 

expression cassette into pIB/T7 at the Cla I site, right at the downstream of the T7 RNA 

polymerase gene poly (A) signaling. For Renilla reporter system, the Renilla luciferase 

gene was released from pGL4.75 [hRluc/CMV] and cloned into pIZ/V5 His to generate 

pIZ/Rluc reporter system. 

Dengue virus type 2 (DV2) New Guinea C was propagated in Vero cells. The virus was 

harvested at 7 days post infection and titrated by plaque assay. 

Drosophila S2 cells were infected with dengue virus type 2 (DV2) New Guinea C strain, 

and the cells were kept to continuously passage for more than ten times to produce a 

persistent cell line (S2-DV2). The S2 adapted DV2-NGC virus (DV2-S2) was propagated 

in C6/36 for two rounds, three days after the second round, collect the virus for S2 cell 

infection. 
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Flock house virus (FHV) was collected from S2-FHV persistent cell line, then was 

propagated in S2 cells for two rounds, three days after the second round propagation, 

collect FHV for S2 cell treatment.  

2.3 Plaque Assay 

Vero cells (African green monkey kidney epithelial cells) were use for dengue virus 

titration. Vero cells were grown in T-75 flasks, in DMEM (Dulbecco’s Modified Eagle 

Medium) with 10% FBS and 1% antibiotics at 37
o
C with 5% CO2 and reseeded every 

three to four days. When cell90% -100% confluent, trypsinize and seed into two 6-well 

plates at a density of 250, 000 cells/well (2 ml). Cells were then incubated for a period of 

2-3 days until a confluency of 70-80% is obtained. Dilute the dengue virus in successive 

10 fold dilutions with virus diluents (same composition that virus was cultured in) for a 

total of five dilutions (one well leave as mock). Remove most of the culture medium from 

the vero plates (leaving just enough media to cover the cells without any drying-out 

occurring, and then add 200 µl of each virus dilution to a corresponding well (mock just 

add 200 µl virus diluents), and repeat the process on a 2
nd

 plate in order to obtain 

duplicate dilutions. Place the inoculated plates on an incubated rocker for 1 hour. During 

the inocubation, prepare enough of the primary nutrient agar overlay to add 4 ml of 

overlay to each of the wells. Follow the preparation recipe which includes M199 

(supplemented with 0.1 gm/L L-glutamine, 100 U/ml Penicillin/100 µg/ml streptomycin, 

Fungizone, Gentamycin, and 5% FBS), 7.5% sodium bicarbonate, double distilled water, 

1% Noble Agar and DEAE. Keep overlay preparation in 56oC waterbath until vero 

cell/virus incubation is done. Once incubation is completed, add the 4 ml nutrient overlay 

carefully so as not to disrupt the vero cell monolayer on the plate. Also be careful to 
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make certain that overlay is at a proper temperature that it will not burn the vero cells, but 

not cooled enough to begin the hardening process (Typically, the flask is determined to 

be ready by touching it to the skin of the forearm). After overlay has been applied to 

every well, place the plate in the incubator (37
o
C, 5% CO2) for few hours. Once overlay 

has hardened, turn the plates upside down and incubate for 7 days undisturbed. Prepare 

enough of the same overlay preparation, with the substitution of 1% Neutral Red (0.33% 

Neutral Red stock), in place of the water, to cover each well with 2 ml of agar recipe. 

Place back in the incubator until new overlay has hardened, and again, turn plates upside 

down and incubate at 37
o
C, 5% CO2 overnight. Begin counting plaques the next day, and 

every day for the next 3 days or until you have established and endpoint of the plaque 

formation. Virus tilters will be calculate as follows: [(average number of plaques from 

replicates) × dilution]/(innoculum volume, ml) = plaque forming units/ml (PFU/ml).  

2.4 Luciferase Assay 

Renilla luciferase assay was performed using Renilla Luciferase Assay System 

(Promega) by following the manufacturer’s instructions. At two days after transfection, 

remove growth medium from the cultured cells and gently apply 400 µl 1 × PBS to rinse 

the cells, swirl the vessel briefly to remove detached cells and residual growth medium, 

add 100 µl freshly prepared 1 × Renilla luciferase assay lysis buffer to each well for 

homogenous lysates preparation. Harvest cells immediately following the addition of 

Renilla luciferase assay lysis buffer by scraping with a disposable plastic cell lifter or 

rubber policeman. Transfer the lysate into a tube and lysis cells at room temperature for 

15 minutes with consistent rotating the tube on a rotator. The cell lysate can undergo 1 or 

2 freeze-thaw cycles to ensure complete lysis of cells before performing the assay.  Add 1 
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volume of 100× Renilla Luciferase Substrate to 100 volumes of Renilla Luciferase Assay 

Buffer to prepare Renilla luciferase assay reagent right before use. Add 100 µl of Renilla 

luciferase assay reagent to the 96-well assay plate, then add 20 µl of cell lysate and mix 

quickly by swirling the plate. Place the plate into Synergy 2 luciferase reading system for 

the luciferase measurement. (Note: Determine the original cell density and transfection 

parameter to ensure that cells are no more than 95% confluent at the desired time of 

lysate preparation date.)  

2.5 RNA Extraction, Northern Blot and Small RNA Detection 

Total RNAs were extracted from transfected S2 cells using the Trizol reagent 

(Invitrogen) following the manufacturer’s instruction. Cells were collected and washed 

twice in 1 × PBS, pellet by centrifuge, add 1 ml Trizol reagent to each sample and 

resuspend the cell pellet as soon as possible by vigorously shaking or vortex for one 

minute, lysis the cell at room temperature for 3 minutes, then add 200 µl chloroform (1/5 

volume of Trizol reagent) to each sample, mix well by shaking or vortex for one minute, 

incubate at room temperature for 3-5 minutes before centrifuge with 12, 000 g for 15 

minutes at 4
o
C for the phase separation. Recover aqueous phase and transfer to new tube, 

precipitate the RNA by adding isopropanol (70% of aqueous phase or ½ Trizol volume) 

and mixing well, incubate at room temperature for 10 minutes for RNA precipitation. 

Spin down sample at 13, 500 rpm for 15 minutes at 4
o
C to pellet the RNA. Discard the 

supernatant and wash the RNA pellet with 500 µl 80% ethanol (Prepared with RNase-

free water), discard the wash solution and air-dry pellet for 5-10 minutes at room 

temperature (Do not overdry the pellet or you won’t be able to redissolve it well.), 
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dissolve pellet in RNase-free water or DEPC-H2O (Note: DEPC inhibits RT reaction). 

Store frozen at -80
o
C for later use.  

Appropriate amount  (10 - 15 μg) of total RNA was loaded into 1 1.5 ml Eppendorf tube 

and add RNAse-free water to final volume of 10 µl (If volume is more than 10 µl , then 

aliqupted to 1.5 ml Eppendorf tubes and dried in a SpeedVac, redissolve in 10 µl  RNase-

free water.). Then add 10 µl sample buffer (10 × MOPS buffer/37% 

formaldehyde/formamide/H2O = 1:1.8:5:2.2), heated to 65
o
C for 10 minutes and cooled 

on ice for ~ 2-3 minutes before add 4 µl 6 × RNA loading buffer. Load the mixture on the 

1% formaldehyde-denatured RNA gel (Maximal amount is about 25 µl), run the gel in 1 

× MOPS buffer at 100 V (FisherBiotech electrophoresis system) for 2-3 hours until the 

bromophenol blue reached the 2/3 bottom of the gel.  Rinse the gel in 10 × SSC buffer for 

10 minutes. RNAs were transferred to a Hybond
TM

-N+ membrane with Trans-BLOT SD 

Semi-dry transfer cell (BIO-RAD). Then the membrane was briefly washed in 10 × SSC, 

and fixed in a Gene Linker UV chamber (Spectrolinker
TM

, 180mj/cm
2
).  To certify equal 

loading of RNA samples, the membrane was stained with 0.2% methylene blue to 

estimate the amount of RNA by visualization. Then the pre-hybridization was performed 

in the PerfectHyb
TM

 Hybridization Buffer (Sigma) at 65
o
C for at least 1 hour to overnight 

(94) in a hybridization shaker (Amersham Pharmacia Biotech). [
32

P]-dCTP labeled DNA 

fragment with the random primer DNA labeling Kit (TakaRa) were used as probe. 

Labeled probes were boiled at 100
o
C for 5 minutes and cooled on ice for 2-3 minutes 

before adding to pre-hybridization mix, and incubated for 8 hours to overnight.  
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For small RNA detection, Appropriate amount (20-30 g) RNAs were mixed with 

formamide (1/2 the RNA volume), then denatured at 95
o
C for 5 minutes, quickly chilled 

on ice, add 6  RNA loading buffer, after that the samples are ready for loading. RNA 

samples were loaded on 15% Urea-PAGE gel in 0.5 × TBE buffer at 200V until 

bromophenol blue reached the bottom of the gel (about 3 -4 hours). To certify equal 

loading of RNA samples, the gel was stained in 1 µg/ml EB solution in 0.5 × TBE buffer 

to estimate the amount of RNA by visualization. After that, RNAs were transferred from 

gel to a Hybond
TM

-N+ membrane in 0.5 × TBE buffer at 3 mA/cm
2
 for 30 minutes with 

Trans-BLOT SD Semi-dry transfer cell (BIO-RAD). Rinse the membrane in 0.5 × TBE 

buffer, fixed in a Gene Linker UV chamber (Spectrolinker
TM

, 180mj/cm
2
) and store at 

4
o
C until use.  

2.6 Denaturing urea polyacrylamide gel electrophoresis (Urea-PAGE) 

For small RNA detection, prepare 15% denaturing urea polyacrylamide (Acrlamide:Bis-

Acrylamide = 19:1) gel in a total volume of 45 ml: combine 4.5 ml of 5 × TBE and 10 ml 

H2O, dissolve 18.9 g urea by continuously stirring with a small magnetic bar,   then add 

16.9 ml of acrylamide 40% solution (Acrylamide: Bis-Acrylamide 19:1) to make the total 

volume up to 45 ml. Add 240 μl of 10% Ammonium persulfate and 10 μl TEMED. 

Immediately pour gel with a 25 ml serological pipette, place the comb and keep it 

horizontal at room temperature for about 30 minutes until polymerized. Pre-run the gel in 

0.5 × TBE for 30 minutes at 200 volts, rinse the well with 0.5 × TBE using a 30 ml 

syringe, and load the heat-denatured RNA sample prepared as described above. The 

[
32

P]-labeled siRNA or DNA oligonucleotide is loaded as a marker.  Run gel at 200 volts 

until bromophenol blue reaches about 2/3 of gel (siRNAs should migrate between the 
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bromophenol blue and xylene cyanol FF). Carefully remove the gel from the glass plate, 

drain off the extra buffer from the gel and stain the total RNA with EB staining reagent in 

0.5 × TBE buffer as loading control. Transferred RNAs from gel to a Hybond
TM

-N+ 

nylon membrane in a 0.5  TBE buffer at 3 mA/cm
2
  for 30 minutes with a Semi-Dry 

Transfer Cell (BIO-RAD), rinse the membrane with 0.5 × TBE, then UV crosslink the 

membrane  at 150 mJoule  (Membrane can be stored at 4C until use). Pre-hybridization 

was performed at  (37-42
o
C) for at least one hour, then [γ-

32
P]-ATP labeled 

oligonucleotide probe will be added to the pre-hybridization mix, and continue the 

incubation for 8 hours to overnight, and after three serial wash steps (once in 2 × 

SSC/0.1% SDS, twice in 0.2 × SSC/0.1% SDS, each wash 30 mins at RT to 37
o
C), 

expose the membrane to a sheet of X-ray film (BioMax MS Film, Kodak) or a screen of 

PhosphorImager and check results. Exposure time will depend on the strength of 

radioactive signal on the gel.    

2.7 Quantitative Real-time RT-PCR 

Total RNAs (1 µg) from Drosophila S2 cells were reverse transcribed into cDNA using 

MMuLV Reverse Transcriptase (New England Biolabs) following the manufacturer’s 

protocol. Quantitative real-time PCR was performed on Mastercycler® ep realplex 

(Eppendorf) with KAPA SYBR Fast Universal qPCR Kit (KAPA Biosystems). All 

samples were analyzed in triplicate. The raw data were uploaded on 

pcrdataanalysis.sabiosciences.com/pcr/arrayanalysis.php with the free software RT2 

Profile PCR Array Data Analysis Version 3.5. The p values are calculated based on a 

Student’s t-test of the replicate 2^(- Delta Ct) values for each gene in the control group 

and treatment groups. 
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2.8 Construction of a plasmid-based dsRNA library 

Purification of mRNAs from total RNAs was performed using the mRNA isolation kit 

(Roche). First and second strand cDNA synthesis were carried out using M-MuLV 

Reverse Transcriptase and the Second Strand cDNA Synthesis (New England Biolabs) 

following the manufacturer’s instructions. After digestion of cDNAs with Rsa I, the 

cDNAs were separated on 1% agarose gel electrophoresis and the fragments with the 

length of 400-900 bp were recovered. To prepare the library vector, pUC/DS was 

digested with EcoR I and blunted using DNA Polymerase I, Large (Klenow) Fragment 

(New England Biolabs), followed by treatment with calf intestinal phosphatase – 

Alkaline Phosphatase (AP) (Roche Applied Science). Ligation of cDNA with the vector 

pUC/DS was performed using T4 DNA ligase (Roche Applied Science), and the ligation 

product was transformed into E. coli DH5α/Top10 competent cells. PCR-based screening 

with M13 forward and reverse primers was used to verify ligation and cloning efficiency, 

and 100 positive clones that contain cDNA inserts were selected for plasmid preparation 

and initial screening. 

2.9 Establishment of S2 cell line that is persistently infected with dengue virus  

Drosophila S2 cells were infected with dengue virus (DV) type 2 New Guinea C strain, 

and the cells were kept to continuously passage for more than ten times to produce a 

persistent cell line (S2-DV2). The infection rate in S2-DV2 was confirmed by indirect 

immunofluorescent assay (IFA), and around 90%-100% of S2 cells are infected. 
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2.10 Synthesis of radioactive labeled dsRNAs by in vitro transcription  

Ambion’s MEGAScript® T7 Kit provides an efficient tool to produce dsRNAs with high 

yield and quality. According to manufacturer’s instruction, dsRNAs are synthesized using 

the DNA template with two convergent T7 promoters flanking at both ends and labeling 

of dsRNAs is carried out by including [α-
32

P] UTP in in vitro transcription reaction. The 

reaction assembles and purification will be the same as mRNA synthesis with 

mMESSAGE mMACHINE Kit with slice difference. The UTP concentration will be only 

1/40 of other NTPs, with [α-
32

P] UTP substitute the rest UTP to label the synthesized 

dsRNA.  

2.11 In vitro assay for Dicer activity using extracts from Drosophila S2 cells and 

mosquito cells 

Processing of dsRNA into siRNAs by Dicer was first established by Hannon and 

colleagues (51, 53). Crude and purified extracts prepared from Drosophila S2 cell have 

been widely used in biochemical analysis of RNAi machinery. In our study, we adopted 

the same method with some modification. Each cell lines were passaged into two 100-

mm cell culture dishes with complete Schneider's Drosophila medium at a concentration 

of 1 ×10
6 

cells/ml, and incubate at 28ºC. At 3 days after passage, collect cell culture into 

50-ml centrifuge tubes. Centrifuge at 1000 g for 3 minutes at room temperature to pellet 

the cells, discard the supernatants (medium).Gently resuspend the cell pellets in 10 ml 1 × 

PBS to wash the cell twice, resuspend the cell pellets in 4 ml of ice-cold Hypotonic 

buffer, and combine all cell suspensions into one 50-ml centrifuge tube. Centrifuge at 

1000 g for 5 minutes at 4ºC, remove the supernatant.  Estimate the volume of the cell 

pellet, and add 50%-80% volume of ice-cold Hypotonic buffer without KCl. Gently 

resuspend the cells, transfer the cell suspension into a cold Dounce tissue homogenizer 
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(Type B, 2 ml, Kontes), and keep on ice for 10 minutes. Slowly dounce 30 times, and 

transfer the lysate to a 1.5-ml microcentrifuge tube. Centrifuge at 20,000 g at 4ºC for 20 

mins. Carefully transfer the supernatant into a 1.5-ml microcentrifuge tube, and do not 

touch the pellets. Add glycerol to a final concentration of 10%, store the S2 extract at -80 

ºC for in vitro dicer assay. 

The dsRNA corresponding to the 500-bp of the 5’-end eGFP was uniformly labeled with 

[α-
32

P] UTP by using Ambion’s MEGAScript® T7 Kit, and incubated with cell extracts 

prepared from cultured cells as described previously (95). After incubation at 30ºC for 2 

hours, the RNAs in the reaction were purified and analyzed by 15% Urea-polyacrylamide 

gel electrophoresis (Urea-PAGE) followed by direct autoradiography. The siRNA of 

eGFP purchased from Qiagen was labeled with [γ-
32

P] ATP using T4 polynucleotide 

kinase and used as siRNA size marker. 

2.12 Immunoprecipitation  

Drosophila S2 cells and Ae. albopictus C6/36 cells transfected with pIZ/FLAG-DmDcr2 

were collected at two days after transfection, and lysis in 1 × Lysis buffer (50 mM Tris-

HCl, 150 mM NaCl, 1 mM EDTA, 0.1 % Triton-X-100, pH7.4) at room temperature for 

15 minutes. Clarify lysate of denatured protein and cell debris by centrifugation for 10 

minutes 8, 200 g at 2-8
o
C. FLAG-tagged Drosophila Dcr-2 (FLAG-DmDcr2) was 

immunoprecipitated from cell extracts using anti-FLAG M2 affinity gel (Sigma). Before 

use, carefully mix EZview Red ANTI-FLAG M2 Affinity Gel beads until completely and 

uniformly suspended. After that, immediately aliquot 40 µl of the 50% slurry into a clean 

1.5 ml microcentrifuge tube on ice.  The beads were washed/equilibrated twice with 500 

µl 1 × TBS (50 mM Tris-HCl, 150 mM NaCl, pH7.4), add 200 – 1000 µl cell lysates 
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supernatant to the washed resin. Gently shake all samples and control on a roller shaker 

for 1-2 hours at 2 – 8
o
C. The binding step may be extended overnight to ensure maximum 

binding. Pellet the beads by centrifugation 8, 200 g for 30 seconds, remove the 

supernatant by pipette. Wash the bead pellet twice with 500 µl 1 × TBS (50 MM Tris-

HCl, 150 mM NaCl, pH7.4), and place on ice for next step. Add 100 µl 3 × FLAG elution 

solution (150 ng/µl in 1 × TBS [50 mM Tris-HCl, 100 mM NaCl, pH7.4)] to each sample 

and control resin. Incubate the samples and control with gentle shaking for 30 minutes at 

2 – 8
o
C. Pellet the resin for 30 seconds at 8, 200 g, transfer the supernatant to fresh test 

tube for further analysis. In vitro analysis of dsRNA processing using purified FLAG-

DmDcr2 was performed as described in 2.11 (95). 

2.13 Western Blotting and Antibodies 

Protein samples were separated on a 12% SDS-PAGE (Acrylamide:Bis-Acrylamide = 

29:1) and transferred to a Hybond
TM

-P nylon membrane. The membranes were blocked 

in 1 × TBST wash buffer containing 1% nonfat dried milk at room temperature for 

overnight, then incubated with the primary antibody, anti-FLAG mouse monoclonal 

antibody (1 µg/ml) at room temperature for 1 hour, then wash three times with 1 × TBST 

wash buffer (15 mins per wash) and then incubated with HRP-conjugated secondary 

antibody (0.25 µg/ml) - goat anti-mouse radish peroxidase (Thermo Scientific) at room 

temperature for 2 hours, with three washes same as after the primary incubation, the 

membrane is ready for signal detection. Signal was detected by using Piece® ECL 

Western Blotting Substrate (Thermo Scientific) as recommended by the manufacturer. 

Mix detection reagents 1 and 2 at 1:1 ratio (The amount of detection reagent mix need to 

cover the membrane surface at least) and add it to the blot. Incubate the blot at room 
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temperature for 1 minute. Drain excess reagent, cover blot with a clear plastic sheet 

protector or clear plastic wrap and signal was detected by GENE GNOME SYN GENE 

BIO IMAGINE system. 
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CHAPTER 3 DIFFERENTIALLY EXPRESSED GENES IN AEDES ALBOPICTUS 

C6/36 IN RESPONSE TO DENGUE INFECTION 

3.1 Introduction 

As the most prevalent mosquito-borne viral disease in humans in tropical and sub-tropical 

region all over the world, dengue is transmitted to humans by Ae. mosquitoes, including 

the primary vector Ae. aegypti and the secondary vector Ae. albopictus.  Unlike in human 

hosts where dengue infection is acute and often causes diseases, it is generally not 

pathogenic to vector mosquitoes, while able to achieve persistent infection which is 

required for successful transmission. So, in Aedes mosquitoes, there must have some 

cellular genes that are required for dengue infection/replication. The genome sequence of 

Ae. aegypti was released recently (96), which makes large scale gene functional 

characterization possible. Unfortunately, the Ae. aegypti cell lines such as Aag2, ATC-10 

are hard to be transfected, which makes the functional verification by RNAi-mediated 

silencing impossible mission. While Ae. albopictus C6/36 cell line is transfectable and 

the efficiency is comparable to Drosophila S2 cells (Figure 9A). Even some high 

through-out strategies such as microarray analysis etc was excluded due to the absence  

of genome sequence, we still can employ Suppression Subtractive Hybridization (SSH) to 

screen and characterize genes that were differential expressed in response to  dengue 

virus type 2 (New Guinea-C strain) infection in Ae. albopictus C6/36 cell line.  

Subtractive hybridization is a technology that allows for PCR-based amplification of only 

cDNA fragments that differ between a control (driver) and experimental transcriptome. 

Differences in relative abundance of transcripts are highlighted, as are genetic differences 

between species. The technique relies on the removal of dsDNA formed by hybridization 

between a control and test sample, thus eliminating cDNAs or gDNAs of similar 

http://en.wikipedia.org/wiki/Polymerase_chain_reaction
http://en.wikipedia.org/wiki/Complementary_DNA
http://en.wikipedia.org/wiki/Transcriptome
http://en.wikipedia.org/wiki/GDNA


29 

 

abundance, and retaining differentially expressed, or variable in sequence, transcripts or 

genomic sequences. In this study, we employed SSH to screen and characterize genes 

that were differential expressed in response to DV2-NGC infection in Ae. albopictus 

C6/36 cell line. 

 



30 

 

3.2 Results 

3.2.1 Flow chart of Suppression Subtractive Hybridization (SSH) 

cDNA synthesis 
cDNAs prepared from control (cDNA-A) and virus-infected (cDNA-B) Ae. albopictus 

cells 

Rsa I digestion 

The two cDNA populations (A and B) are separately digested to obtain 0.1-2kb blunt-

ended molecules 
 

Adapter ligation 

Forward subtraction: cDNA-B as tester; reverse subtraction: cDNA-A as tester 
 

First hybridization and second hybridization 
 

First and second amplification by suppression PCR 
 

Subtractive cDNAs 

Differentially expressed sequences are enriched 
 

Blastp against Aedes aegypti to find the homology of differentially expressed clones 

EcoR I adaptor ligation  
 

Cloning of cDNAs into pUC/DS or pDS vector (up- or down-regulated genes) 
 

E.coli transformation of cDNA library 
 

Colony picking and transfer to membrane for Dot blot analysis 
 

Sequencing the differentially expressed clones 

Functional characterization of differentially expressed clones 
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3.2.2 Differential expressed cellular genes in response to DENV-2 infection in Ae. 

albopictus C6/36 cell line 

 

 

 

 

 

 

Figure 1. Accumulation of viral genomic RNAs in C6/36 cells infected with DV2 NGC. 

The cells were infected with dengue virus type 2 (DV2) (New Guinea C strain) at an MOI 

of 1. Samples were collected at indicated time points (days) post infection (dpi). Total 

RNAs were extracted using Trizol Reagent. Northern hybridization for detection of viral 

RNAs was done with the probe of 
32

P-labeled NS2B cDNA of DV2 NGC. 
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Figure 2. Flow chart for screening mosquito cellular genes that are affected by DV2 

infection. 

Differentially cDNA library 

Dot Blot Analysis 

Colony PCR 

Suppression Subtractive Hybridization (SSH) 

Transfer individual clone to membrane 

Differentially Expressed Clones 

Sequencing Target Clones 

Blastp for Function Characterization 



33 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Differentially expressed mosquito cellular genes in response to DV-2 infection 

in Ae. albopictus C6/36 cells.     , Up-regulated by DV2 infection;     , Down-regulated by 

DV-2 infection. 

 



34 

 

Table 1. Ae. albopictus cellular genes upregulated by DV-2 infection in C6/36 cells  

Clone Description (BLASTp results) Expression Function References 

F1  
Culex quinquefasciatus conserved 

hypothetical protein  
+  Unknown  N/A  

F2  
Aedes aegypti protein transport 

protein sec23  
+  

Transport  

protein from ER 
to Golgi  

Hicke et al., 1989, 

1992;Cai et al., 2007  

F5  
Aedes aegypti translation initiation 

factor 5C    
+ 

Initiation 

translation from 
mRNA into 

polypeptide  

Dong et al., 2009  

F25  
Aedes aegypti cytochrome c oxidase 

subunit iv  
+  

Catalyzes the 
reduction of 

oxygen to water  
Ho et al., 1995  

F27  
Aedes aegypti  vacuolar ATP 

synthase subunit ac39  
+  

Acidify a range 
of intracellular 

organelles  

Mellman, 1992; 
Dow, 1999  

F47  
Culex quinquefasciatus histone 

deacetylase 3  
+  

Transcription 

regulation  Atkinson et al., 2007  

F55  Aedes aegypti epoxide hydrolase  +  
Cis-stilbene-

oside hydrolase 
activity  

Borovsky et al., 

2002  

F100  
Aedes aegypti high density 

lipoprotein binding protein / vigilin  
+  RNA binding  Nene et al., 2007  

F227  Aedes aegypti peroxiredoxin 6, prx-6  +  
Antioxidant 

processes  David et al., 2007  

F248 
Aedes aegypti dihydrolipoamide 

dehydrogenase 
+ 

Flavin-

dependent 

oxidoreductase 

Carothers et al., 

1989 

F272 
Aedes aegypti DNA 

topoisomerase/gyrase 
+ 

Control of topological 

states of DNA by 

transient breakage and 

subsequent rejointing 

of DNA strands 

Nene et al., 2007 

Note: +, up-regulated. 
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Table 2. Ae. albopictus cellular genes down-regulated by DV-2 infection in C6/36 cells 

Clone Description (BLASTp results) Expression Function References 

R23  Aedes aegypti cytidylate kinase  _  
DNA 

replication 

and repair  
Sanchez and 

Muller, 1998  

R47 Aedes aegypti fatty acid synthase      _ 
Promote viral 

replication Pereraet al., 2012  

R102  Aedes aegypti leucine aminopeptidase  _  
Protein turn 

over, defense 

and cell redox 

status  

Blot and Scornlk, 

1991; 
Cappiello et al., 

2006  

R110  
Aedes aegypti farnesyl-pyrophosphate 

synthetase  
_  Unknown  N/A  

R123  Aedes aegypti p15-2a protein, putative  _  Unknown  N/A  

R144  Aedes aegypti gtpase_rho  _  
Cell 

proliferation, 

apoptosis, 
gene 

expression  

Ridley, 2001; 

Boureux et al., 

2007; Bustelo et al., 

2007  

R220  
Aedes aegypti polyadenylate-binding 

protein  
_  

Binds 3’ poly 
(A) tail and 

interacts with 

5’cap-binding 
eIF4G  

Blobel, 1973; 

Imataka et al., 

1998;Le et al., 1997  

R19  
Aedes aegypti prolyl endopeptidase 

(prolyl oligopeptidase)  
_  Unknown  N/A  

R20  
Aedes aegypti dimeric dihydrodiol 

dehydrogenase  
_  Unknown  N/A  

Note: -, down-regulated. 
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3.3 Discussion 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. The Flavivirus Life Cycle (Mukhopadhyay et al., Nature Reviews 

Microbiology, 2005). 

Viruses belonging to the family Flaviviridae are considered class 4 viruses within the 

Baltimore classification scheme. Viruses in this class are positive sense, single stranded 

RNA viruses which replicate their genome through a partially double-stranded 

intermediate form. The life-cycle of Flaviviridae has been divided into several stages 

including: virus attachment and entry, virus fusion and disassembly in the endosome, 

protein translation & polyprotein processing on membranes, viral RNA replication on 

membrane, immature virus assembly and budding into ER (Endoplasmic reticulum), 

virus mature & Furin cleavage of prM, and finally mature virus release (Figure 4). 
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Kuhn and his collaborators found that when Ae. albopictus C6/36 cells were infected with 

dengue virus, several types of lipids, including phosphotidylcholine, lysophospholipids, 

sphingomyelin, and ceramide, increase two- to threefold compared to levels in uninfected 

cells (97). These lipids promote viral replication, change the curvature and permeability 

of membranes, and control signaling pathways involved in membrane fusion, fıssion, and 

cytoskeletal reorganization. To replicate in mosquito cells, DV depends on the host 

enzymes, including fatty acid synthase (FAS). Dengue viral replication is reduced about 

1000-fold when FAS inhibitor-C75 is added to cells that are infected with DV (97), 

which is consistent with our results (Table 1), FAS is positive regulator of dengue virus 

replication in C6/36 cells. 

In Saccharomyces cerevisiae,  protein transport protein sec23 is component of the coat 

protein complex II (COPII) which promotes the formation of transport vesicles from the 

endoplasmic reticulum (ER). Sec23p is required for transport of secretory, plasma 

membrane, and vacuolar proteins from ER to the Golgi complex (98-100), which process 

is required for dengue virus replication (Figure 4), mosquito Sec23p may implicate in 

dengue virus budding into ER and transport from ER to Golgi for the virus maturation.  

The peroxiredoxin (Prx) family is composed of antioxidant proteins ubiquitously found in 

prokaryotic and eukaryotic (yeast, plant and animal) species (101-103). Peroxiredoxin 6 

(prx-6) is a 1-cysteine peroxiredoxin involved in antioxidant processes (104). David’s lab 

found that prx-6 can be used as physiological and genetic indicator of multiple 

environmental stress response in pacific oyster (104). In our study, we find that prx-6 is 

induced by dengue virus infection in Ae. albopictus C6/36 cells, which is consistent with 

their results, prx-6 as the host stress response factors.  

http://www.uniprot.org/taxonomy/559292
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The V-ATPases are ubiquitous among eukaryotes (105,106). Originally identified in 

plant and yeast vacuoles, they are known to acidify a range of intracellular organelles 

(107, 108). Dengue requires different pH environment for certain stages in its life cycle 

(Figure 4). From our study in C6/36 cells, we noticed that vacuolar ATP synthase subunit 

ac39 was induced by dengue virus infection. Maybe, the dengue virus takes advantage of 

this protein to maintain the pH environment in intracellular organelles such ER, Golgi etc 

for its viral particle assemble, budding and maturation stages in its life cycle.  

Poly (A) binding protein 1 (PABP1) plays an important role in host protein translation. 

PABP1 binds the 3’ poly (A) tail found on most host mRNAs and interacts with the 5’ 

cap-binding eIF4F complex (109-111). Interactions between PABP1 and the eIF4F 

complex member eIF4G improve host protein translation by increasing eIF4F-cap 

binding affinity, enhancing the efficiency of ribosome initiation complex formation, and 

increasing the rate of protein translation (112-115). Many viruses have developed protein 

translation strategies that allow them to translate viral proteins independently of PABP1. 

Many of these viruses have been shown to perturb PABP1’s location and/or function, 

creating a cellular environment in which viral protein translation is favored. For example, 

virus may cleavage PABP1, inhibiting translation of host mRNA (116, 117), or some 

viral proteins can competitively bind to PABP1, leading to a decrease in PABP1’s 

interaction with binding partners eIF4G and PABP-interacting protein 2 (118), or 

relocalizes PABP1 partially to the nucleus during virus infection (118-122) to shutoff the 

host protein synthesis while favorite viral protein translation (123). 
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The Rho family of GTPases is a family of small (~21 kDa) signaling G protein (more 

specific, a GTPase), and is a subfamily of the Ras superfamily. The members of the Rho 

GTPase family have been shown to regulate many aspects of intracellular actin dynamics, 

and are found in all eukaryotic organisms including yeasts and some plants. Rho proteins 

are found to play a role in cell proliferation, apoptosis, gene expression, and multiple 

other common cellular functions (124-126). It is indicated in our study that GTPase-Rho 

is inhibited by dengue virus in C6/36 cells (Table 1). It’s possible that dengue virus 

interferes with the host apoptosis process to create cellular environment for viral spread 

to the neighbor cells and establish the system infection in host cells.  

3.4 Conclusions 

 Using SSH, 150 clones are identified differrentially expressed upon DV2 

infection; 

  Out of these clones, 30 differentially expressed sequence are identified to be up-

regulated by DV2 infection; 

 While 36 differentially expressed sequences are down-regulated by DV2 infection, 

in which FAS is found required by DV2 replication.  

http://en.wikipedia.org/wiki/G_protein
http://en.wikipedia.org/wiki/GTPase
http://en.wikipedia.org/wiki/Ras_superfamily
http://en.wikipedia.org/wiki/Actin
http://en.wikipedia.org/wiki/Cell_proliferation
http://en.wikipedia.org/wiki/Apoptosis
http://en.wikipedia.org/wiki/Gene_expression
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CHAPTER 4 CHARACTERIZATION OF THE ANTIVIRAL RNAI PATHWAY 

IN AEDES ALBOPICTUS C6/36 CELL LINE  

4.1 Introduction 

Ae. albopictus C6/36 clone is one of the most commonly used mosquito cell lines for the 

propagation of arboviruses. Compared to original uncloned heterogeneous cells and other 

cloned cells, C6/36 cell exhibits a high degree of susceptibility to infection by many 

arboviruses, such as dengue virus, St. Louis encephalitis virus, and Sindbis virus, and 

allows viruses to grow to a significantly higher yield (33, 34). Since virus adsorption is 

not responsible for the high permissibility observed in C6/36 cells, it is suggested that 

C6/36 cells might lack certain cellular regulatory mechanisms that restrict virus 

replication (33). 

Recently, the fact that RNAi plays a potent role in antiviral immunity has been well 

documented in Drosophila melanogaster and mosquito cells (58-62). RNAi is a small 

RNA-mediated gene regulatory mechanism that is conserved in eukaryotic cells. Small 

RNAs, including small interfering RNAs (siRNAs) and microRNAs (miRNAs), are 20-

24 nucleotides (nt) long and regulate target gene expression in a sequence-specific 

manner (63). Production of siRNAs is mediated through the processing of long double-

stranded RNAs (dsRNA) by an RNAIII-like enzyme Dicer, while miRNAs are generated 

from RNA precursors that have a characteristic stem-loop structure. SiRNAs and 

miRNAs can be incorporated into the RNA-induced silencing complex (RISC) and direct 

homologous target mRNA for degradation or translation inhibition (63, 64). In D. 

melanogaster, there are distinct RNAi pathways in which Dicer-1 is required for miRNA 

biogenesis and Dicer-2 is required for siRNA production (65). However, comparative 

genomic analysis suggested that mosquitoes might also be equipped with similar RNAi 
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machinery as D. melanogaster (62, 66). In the RNAi-mediated antiviral mechanism, 

Dicer recognizes dsRNAs generated from replicating viruses, processes dsRNAs into 

viral specific siRNAs and establishes the sequence-specific antiviral response (58, 64, 57, 

127). To counteract such a defense, viruses have also evolved to encode a viral 

suppressor of RNAi pathway (127).  

In Ae. albopictus C6/36 cells, conflicting results about RNAi-mediated antiviral 

immunity have been observed. DsRNA is able to knockdown transient gene expression 

and inhibit viral replication although it is not as efficient as that in Drosophila cells (129, 

130) and RNAi competent mosquito cells (Figure 4). However, the absence of virus-

derived siRNAs in West Nile virus-infected C6/36 cells argued that RNAi-mediated 

antiviral mechanism might be not induced (131). In this study, we find that the Dicer-2 

function is defect in Ae. albopictus C6/36 cells. 
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4.2 Results 

4.2.1 DsRNA-mediated silencing of transient gene expression is defective in Ae. 

albopictus C6/36 cells 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. DsRNA-mediated silencing of transient gene expression in Ae. albopictus 

C6/36 cells and An. gambiae 4a-2s4 cells.  Cells were transfected with pIZ/GFP plus a 

500-bp dsRNA that targets Renilla luciferase (RL), firefly luciferase (FL) or GFP (GFP). 

Accumulation of GFP mRNA in C6/36 (A) and 4a-2s4 (B) was analyzed by Northern 

blot. 1. Mock, 2. pIZ/eGFP, 3. pIZ/eGFP + dsRluc RNA, 4. pIZ/eGFP + dsFluc RNA, 5. 

pIZ/eGFP + dseGFP RNA. 

A 

B 
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Figure 6. DsRNA-mediated silencing of transient gene expression in Ae. albopictus 

C6/36 cells and An. gambiae 4a-2s4 cells (Northern Blot Analysis).  Cells were 

transfected with pIZ/GFP plus a 500-bp dsRNA that targets Renilla luciferase (RL), 

firefly luciferase (FL) or GFP (GFP). Accumulation of GFP mRNA in C6/36 (A) and 4a-

2s4 (B) was analyzed by Northern blot. 1. Mock, 2. pIZ/eGFP, 3. pIZ/eGFP + dsRluc 

RNA, 4. pIZ/eGFP + dsFluc RNA, 5. pIZ/eGFP + dseGFP RNA. 

 

DsRNA-mediated silencing of transient gene expression can efficiently knock-down 

eGFP reporter gene expression in An. gambiae 4a-2s4 cells (Figure 5B & Figure 6B), but 

not in Ae. albopictus C6/36 cells (Figure 5A & Figure 6A). This indicated that the RNAi-

mediated target gene silencing (dsRNA as a trigger) is defective in C6/36 cellsin early 

steps of the siRNA pathway. 

1      2     3      4     5 1      2     3      4     5 
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4.2.2 Cell extract from Ae. albopictus C6/36 cells does not contain the dicer activity for 

processing dsRNAs into siRNAs  

Dicer cleaves dsRNAs, producing siRNAs that mediated regulation of target gene 

expression. Presence of Dicer enzymatic activity has been widely analyzed by in vitro 

biochemical analysis using crude or purified cell extracts. In the model system 

Drosophila melanogaster, in vitro biochemical analysis has been widely used as a tool to 

study mechanisms underlying RNAi and virus-RNAi interactions. Using crude or 

purified extracts prepared from Drosophila S2 cells, major components of the RNAi 

machinery, such as Dicer-2, Ago-2, and R2D2, were identified and their functions have 

been illustrated (58-62, 133, 134). To analyze the defect of C6/36 cells in processing 

dsRNAs into siRNAs, we prepared cell extracts from cultured C6/36 cells and performed 

in vitro analysis for Dicer activity (95). As controls, cell extracts were also prepared from 

Drosophila S2 cells, Ae. aegypti Aag2 and ATC-10 cells, in which RNAi machinery is 

believed to be intact (136-138). As expected, S2 cell extract efficiently cleaved uniformly 

[
32

P-UTP]-radiolabeled 500 bp dsRNAs and generated 21-nt siRNAs (Figure 7, lane 7). 

Similarly, extracts from Aag2 and ATC-10 cells also possess a comparable capacity to 

process dsRNAs into siRNAs (Figure 7, lane 2 and lane 5), which demonstrates presence 

of functional RNAi in these cells. In contrast, incubation of dsRNAs with the extract 

from C6/36 cells did not produce any trace of siRNAs (Figure 7, lane 9), indicating the 

direct correlation of complete loss of capacity in siRNA generation with the mutation in 

Dcr-2. In this research, we performed Dicer activity assay using extracts prepared from 

Drosophila S2 cells, Ae. albopictus C6/36 cells, Ae. aegypti ATC-10 cells and Aag2 

cells. All cell extracts except C6/36 one can process [
32

P-UTP]-dsRNA into siRNAs 

(Figure 7), which means C6/36 cells have a dysfunctional RNAi pathway. Further 
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investigation indicates that the Dicer-2 gene in C6/36 cells have a single nucleotide 

deletion deletion at 2460 nt in Dcr-2 ORF, translationthe C6/36 Dicer-2 into a attenuated 

dicer protein of 819 AA (Compared to 1659 AA full length dicer-2) without RNaseIII 

domains (135), which may account for the RNAi dysfunction in in vitro dicer assay of 

C6/36 cell lines and high replication level of some arboviruses in C6/36 cell compared to 

other RNAi-intact mosquito cell lines like Aag2, ATC-10.  
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Figure 7. In vitro analysis of Dicer activity using extracts prepared from different cell 

lines. [
32

P-UTP] Radiolabeled GFP dsRNAs were incubated with cell extracts prepared 

from Ae. albopictus C6/36 cells, Drosophila S2 cells, Ae. aegypti Aag2 and ATC-10 cells 

respectively. The processed dsRNAs were purified from the reaction and analyzed on a 

15% Urea-PAGE. The input dsRNAs and the siRNA products generated by Dicer are 

indicated by arrows. M, radiolabeled siRNA of eGFP.  
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4.2.3 Replication of B2-null mutant of NoV RNA1 is completely restored in C6/36 cells 

Nodamura virus (NoV), a member of Nodaviruses, has two positive single-stranded 

genomic RNAs. RNA1 (NoVR1) encodes a viral RdRP and is able to self-replicate while 

RNA2 is responsible for capsid synthesis. The genomic RNA1 also contains a small 

overlapping gene (B2), which is expressed from the subgenomic RNA (RNA3). It has 

been shown that NoVB2 functions as a potent RNAi suppressor (Figure 8A)  (76). 

Inhibition of RNAi by B2 is mediated by its binding to dsRNA, making the dsRNA 

unavailable for cleavage by Dicer (132). In Drosophila S2 cells, replication of NoVR1 

induces a strong RNAi-based antiviral response. In the absence of B2 expression, the B2-

null mutant of NoVR1 (NoVR1ΔB2) (Figure 8A) lost the ability to inhibit RNAi and 

could not replicate to a detectable level (94, 62), which makes NoVR1ΔB2 a unique 

reporter for functional analysis of cellular antiviral RNAi. To functionally evaluate the 

defect of RNAi-based antiviral mechanism in C6/36 cells, we examined replication of 

NoVR1, NoVR1ΔB2, and a RNA1 mutant (NoVR1fs) (Figure 8A) that has a frameshift 

mutation in the ORF of viral RdRP (62).  For purpose of comparison to C6/36 cells, cells 

with competent RNAi, including Drosophila S2 cells and An. gambiae 4a-2s4 cells (62), 

were also included in this study and were transfected with infectious RNA transcripts 

synthesized from NoV RNA1 cDNA clones using T7 RNA polymerase. As expected, 

NoVR1 can replicates efficiently in S2 and 4a-2s4 cells while replication of NoVR1ΔB2 

were not detected because of absence of RNAi suppressor B2 (Figure 8B). The genomic 

RNA1 detected in the cells transfected with NoVR1ΔB2 represents the RNA transcripts 

introduced by transfection, because NoVR1fs also gave a similar signal and no 

subgenomic RNA3 was accumulated. 
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Ae. albopictus C6/36 cells have a dysfunctional RNAi, and are impaired at the step of 

processing dsRNAs into siRNAs, at which the suppressor of NoVB2 also acts in RNAi 

pathway. In this case, the B2 suppressor could become dispensable for NoVR1 in C6/36 

cells and replication of NoVR1ΔB2 would be expected to be comparable to NoVR1. 

Northern blot analysis confirmed our speculation and showed that accumulation of 

NoVR1ΔB2 was indeed comparable to NoVR1 while replication of RNA1fs remained 

undetectable (Figure 8B). Our study provided the first functional analysis of the defective 

antiviral RNAi in C6/36 cells. In this study, we showed that dysfunctional RNAi 

completely restores replication of NoVR1ΔB2 in C6/36 cells. In the absence of RNAi 

suppressor NoVB2, NoVR1ΔB2 can replicate as efficiently as NoVR1, indicating that 

NoVB2 becomes dispensable for self-replication of NoVR1 in cells in which Dcr-2 is 

defective, which suggests that RNAi is the primary antiviral immunity in mosquito cells 

and the Dcr2-independent viral small RNAs in C6/36 cells are not able to mediate an 

antiviral response. Because of the defect in the primary antiviral mechanism, C6/36 cells 

could be used as a unique system for studying the role of other cellular responses on viral 

infection, including Toll, Imd and Jak-STAT pathways as described in Drosophila (90, 

91, 93).  
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Figure 8. Functional analysis of RNAi-based antiviral immunity in C6/36 cells. (A) 

Genome organization and gene expression of NoV RNA1, NoVR1ΔB2, and NoVR1FS. 

The overlapping gene B2 is translated from a subgenomic RNA, RNA3. (B) Rescue of 

B2-null mutant of NoV RNA1 in C6/36 cells. Infectious NoVR1 transcripts were 

synthesized from the full-length cDNA clones of wild-type NoV RNA1 (R1) and RNA1 

B2-null mutant (ΔB2) and NoV RNA1 frameshift mutant (fs), and the transcripts were 

transfected into Ae. albopictus C6/36 cells, Drosophila S2 cells and An. gambiae 4a-2s4 

cells. At two days after transfection, total RNAs were extracted from transfected cells for 

Northern Blotting and probed by NoVRNA3 cDNA that was randomly labeled by [α-

32
P]-dCTP.  

B 

A 
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In fruit flies and mosquitoes, RNA interference (RNAi) functions as a natural antiviral 

immunity through recognizing double-stranded RNAs (dsRNAs) produced from a 

replicating virus and subsequently generating functional viral specific small interfering 

RNAs (siRNAs). In this study, we report that Ae. albopictus C6/36 mosquito cells exhibit 

inability to initiate dsRNA-mediated inhibition of transient gene expression, which is 

associated with defective Dicer activity in dsRNA processing. Such a compromised 

RNAi machinery in C6/36 cells leads to promoted replication of nodamura virus (NoV) 

RNA1 in the absence of the essential B2 protein, a suppressor of RNAi. We also found 

that direct introduction of siRNAs is still able to knockdown the expression of target 

genes (Figure 9), and on the other hand, the pathway for the biogenesis of microRNAs 

(miRNAs) still remains functional (Figure 10) in Ae. albopictus C6/36 cells. These results 

demonstrate that C6/36 cells lose the capacity to process dsRNAs into siRNAs, indicating 

the presence of a defective RNAi-based antiviral immunity. This feature of C6/36 cells 

might contribute to its high degree of permissibility to many arboviruses. 



51 

 

4.2.4 Inhibition of transient gene expression by siRNAs in Ae. albopictus C6/36 cells 

 

 

 

 

 

Figure 9. Inhibition of transient gene expression by siRNAs in Ae. albopictus C6/36 cells. 

(A), An. gambiae 4a-2s4 (B) and Drosophila S2 cells (C). Cells were transfected with 

pIZ/eGFP plus either GFP siRNA (GFP), control siRNA (Ctr) or mock (-). Specific 

cleavage of GFP mRNA by siGFP was detected by Northern blot hybridization. The 

mRNA of GFP and the 5’ end cleavage product by siGFP are indicated. 
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4.2.5 Biogenesis of miRNAs is still functional in C6/36 cells 

 

 

 

 

 

 

 

 

Figure 10. MiRNAs biosynthesis in Ae. albopictus C6/36 cells, and Ae. aegypti ATC-10 

cells and An. gambiae 4a-2s4 cells. Twenty microgram (20 g) of total RNAs extracted 

from Ae. albopictus C6/36, Ae. aegypti ATC-10 and An. gambiae 4a-2s4 cells were run 

on a 15% Urea-PAGE. The miRNAs were detected by [γ-
32

P]-ATP-labeled DNA 

oligonucleotides that are complementary to Ae. albopictus miR-275 or miR-184.  

http://en.wikipedia.org/wiki/Gamma
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4.2.6 Drosophila Dcr-2 cannot reconstitute dsRNA processing activity in transfected 

C6/36 cells 

To investigate if the defective Dcr-2 in C6/36 cells can be complemented by introduction 

of a functional Dcr-2, we created a construct expressing a Drosophila Dcr-2 that is 

tagged with 3×FLAG at N-terminal (FLAG-DmDcr2) based on the backbone of pIZ/V5-

His (Figure 11A) (139).  As shown in Figure 11A, the OpIE2 promoter can drive efficient 

expression of the reporter GFP gene from pIZ/eGFP in both S2 cells and C6/36 cells, 

indicating that pIZ vector is suitable for expression of DmDcr2 in C6/36 cells. To analyze 

Drosophila Dcr-2 activity in C6/36 cells, we prepared extracts from the cells transfected 

with pIZ/FLAG-DmDcr2 and performed in vitro assay as did in Figure 7. The result 

showed that activity in processing of dsRNAs into siRNAs was not restored in C6/36 

cells after introduction of Drosophila Dcr-2 (Figure 11B). This was further confirmed 

with failed siRNA production from dsRNAs by FLAG-DmDcr2 pull-downed from the 

transfected cells (Figure 11C).   
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Figure 11. Expression of Drosophila Dcr-2 in C6/36 cells cannot complement the 

defective Dcr-2. (A) Schematic presentation of expression vector for Drosophila Dcr-2 

(DmDcr2), pIZ/FLAG-DmDcr2. Green fluorescence showed efficient expression 

pIZ/eGFP in Ae. albopictus C6/36 cells compared to that in Drosophila S2 cells. (B) In 

vitro analysis of Dicer activity in C6/36 cells transfected with pIZ/FLAG-DmDcr2. Cell 

extracts were prepared at 2 days after transfection, and in vitro assay for dsRNA 

processing was done as described above. (C) In vitro analysis of dsRNA processing using 

purified FLAG-DmDcr2. The cell lysates were prepared from S2 cells and C6/36 cells 

transfected with pIZ/FLAG-DmDcr2, and FLAG-DmDcr22 was immunoprecipitated 

using anti-FLAG M2 affinity gel by following the manufacturer’s instruction.  
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4.3 Conclusions 

 DsRNA-mediated gene regulation is defective in C6/36 cells, which may 

contribute to the high permissibility of C6/36 cells to infection by many 

arboviruses;  

 In the absence of functional Dicer activity, siRNAs are still able to incorporate 

into RISC, which can execute specific degradation of complementary mRNAs;  

 MiRNA processing is still functional in C6/36 cells, suggesting that the defect in 

dsRNA processing might be derived from the disruption of Ae. albopictus Dicer-2 

activity, but not Dicer-1.  

 Using Nodamura virus as a model, we functionally analyzed the defect of C6/36 

in RNAi-mediated antiviral immunity, demonstrating that RNAi pathway is the 

primary antiviral mechanism in mosquito cells.   
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CHAPTER 5 DEVELOPMENT OF A PLASMID-BASED DSRNA EXPRESSION 

SYSTEM IN INSECT CELLS 

5.1 Introduction 

RNAi-based functional genomic studies in Drosophila cells are usually carried out by 

dsRNA library that targets all of annotated genes in the genome (140). The dsRNA are in 

vitro synthesized by T7 RNA polymerase from individual DNA template carrying 

convergent T7 promoters. However, genome-wide RNAi has not been established in 

mosquito and other insect cells because of lack of an effective tool, a dsRNA library. For 

most laboratories, it is difficult to develop their own dsRNA libraries because the whole 

process involves broad bioinformatics supports for design and selection of target 

sequences, large-scale preparation DNA template by RT-PCR/PCR, dsRNA synthesis 

from each template by in vitro transcription, which is labour-intensive and also at a high 

cost.  Production of long dsRNAs in vivo can be achieved by either transcription from 

long inverted-repeat sequences or from the sequences that carrying convergent promoters 

(141). Because of instability of long inverted-repeats in plasmids, the strategy with 

convergent promoters is more often used. Expression of dsRNA from two opposing T7 

promoters can be efficiently mediated by T7 RNA polymerase in bacteria and 

trypanosomes, which has been successfully used for genome-wide RNAi in C. elegans 

and trypanosomes (142, 143). In plants, a viral vector-based random cDNA library has 

been constructed and successfully used for functional studies of disease resistance 

pathway by virus-induced gene silencing (144), demonstrating that such a random 

cDNA-based RNAi library can also be used to elucidate a gene function or cellular 

pathway by a forward screening. However, plasmid based dsRNA expression has not 

been established for functional genomic studies in insect cells. In this study, we 
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developed a plasmid-based dsRNA expression system, in which dsRNA is intracellularly 

synthesized from a dsRNA expression cassette by T7 RNA polymerase. Since the IE2 

promoter of Orgyia pseudotsugata nucleopolyhedrovirus mediates the constitutive 

expression of T7 RNA polymerase, this system could allow for production of dsRNA and 

analysis of gene function not only in Drosophila S2 cells but also in mosquito and other 

insect cells. Using this dsRNA expression system, the plasmid-based dsRNA library 

directly constructed from a random cDNA pool will provide a powerful and alternative 

strategy for functional genomic studies at various focuses in insect cells, such as innate 

immunity, particular cellular pathway, interaction of insect cells with pathogens, and 

functional analysis of genes that are differentially expressed under different conditions. 

This system would be especially useful for functional genomics in insect cells which 

genome sequence is not fully available. 
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 5.2 Results  

5.2.1 Intracellular dsRNA expressed from PCR fragments mediates efficient RNAi 

 

dsRNA Production 

 

 

Plasmid-based dsRNA Expression 

 

 

 

Figure 12. Schematic representation of the plasmid constructs for dsRNA intracellular 

expression.  (A) The plasmid (pIB/T7) is used for expression of T7 RNA polymerase 

(Kohl et al., 2004). POpIE2, the baculovirus Orgyia pseudotsugata immediate-early 

promoter. OpIE2 pA, OpIE2 polyadnylation sequence. (B) PCR products with convergent 

T7 promoters used for synthesis of GOI dsRNA by T7 RNA polymerase in vitro. (C) 

DNA template target gene dsRNA was cloned into pUC19, generating pUC/DS-GOI 

(GOI: Gene of interest).  
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5.2.2 RNAi-mediated silencing of GFP reporter gene by intracellular expressed dsRNA 

from PCR-based template in Drosophila S2 cells 

In fly and mosquito cells, dsRNAs used in gene function analysis are synthesized by in 

vitro transcription from dsRNA template, a PCR fragment that contains two convergent 

promoters flanking the cDNA sequence from the gene of interest. To analyze RNAi 

efficacy of dsRNAs that are intracellular expressed, Drosophila S2 cells were co-

transfected by a plasmid expressing T7 RNA polymerase (pIB/T7) (145, Figure 12A), 

together with a GFP reporter (pMT/GFP, Figure 13B) and a PCR template of GFP 

dsRNA possessing opposing T7 promoters at 5’ end of each DNA strand, as shown in 

Figure 12B. At sixteen hours post transfection (hpt), GFP expression driven by the 

metallothionein (MT) promoter from pMT/eGFP was induced by addition of CuSO4 

(Final concentration of 0.5 mM). Efficient knockdown of transient expression of the 

reporter GFP by dsRNA intracellularly transcribed from the PCR template was achieved 

(Figure 13B). Our result indicates that T7 RNA polymerase is able to drive expression of 

a gene with a T7 promoter in S2 cells, of which activity is also found in mosquito and 

mammalian cells (145-147), suggesting that dsRNA template could be directly used in 

RNAi analysis in Drosophila and mosquito cells. 



60 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13. RNAi-mediated silencing of GFP reporter gene by intracellular expressed 

dsRNA from PCR-based template in Drosophila S2 cells. Drosophila S2 cells in a 24-

well plate were transfected with different combinations as indicated. Induction of 

pMT/GFP was done using 0.5 mM of CuSO4 at 16 hours after transfection. The 

fluorescence (a) and light (b) images of cells were captured under a fluorescence 

microscope at 2 days after induction. 1. pMT/GFP + dsGFP RNA, 2. pMT/GFP, 3. 

pMT/GFP + dsGFP Template, 4. pMT/GFP + dsLacZ Template.  

A 

B 
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5.2.3 RNAi-mediated silencing of GFP reporter gene by intracellular expressed dsRNA 

from pUC/DS in Drosophila S2 cells 

DsRNA template that is originally used for synthesis of dsRNA by in vitro transcription 

(Figure 13A) can efficiently knockdown target gene expression when introduced into the 

cells in which T7 RNA polymerase is expressed. But, for each individual target, 

corresponding dsRNA template needs to be amplified with a pair of long specific primers 

containing T7 promoter sequence. To simplify primer design for dsRNA template and 

broad its application, a universal dsRNA expression cassette pUC/DS bearing the 

sequence elements as indicated in Figure 14A was constructed. The resultant cassette has 

convergent T7 promoters with an EcoR I site in-between and flanked by a T7 terminator 

and an E.coli rrnB T1 transcription terminator sequence. It was cloned into pUC19 at 

BamH I and Sac I site, generating the dsRNA expression vector pUC/DS, which could be 

used for expression of dsRNA corresponding to any sequence inserted at EcoR I site. 

Addition of T7 transcriptional termination sequences at each end of the dsRNA template 

is due to possible read-through of bidirectional transcription by T7 RNA polymerase 

beyond the DNA template of dsRNA, which may affect dsRNA formation and efficiency 

of RNAi. It has been shown that the rrnB T1 terminator can stop the transcription 

mediated by T7 RNA polymerase (148, 149). To test production of dsRNA from pUC/DS 

in presence of pIB/T7 and its efficiency in RNAi, 500 bp GFP sequence was cloned into 

pUC/DS at EcoR I site, producing pUC/DS-GFP. As a control, pUC/DS-lacZ was also 

constructed by inserting 500 bp LacZ sequence into pUC/DS. Co-transfection was 

performed in S2 cells by combining pUC/DS-GFP, pIB/T7 and pMT/GFP together. As 

shown in Figure 14B, dsRNA expressed from the plasmid pUC/DS-GFP was very 
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efficient in inhibition of transient GFP expression, which is similar to the effect mediated 

by GFP dsRNA intracellular expressed from PCR-template (Figure 14B).From this 

experiment, it is confirmed that dsRNA expressed from the plasmid pUC/DS-GFP was 

very efficient in inhibition of transient expression of reporter GFP gene (Figure 14B). 
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Figure 14.  RNAi-mediated silencing of GFP reporter gene by intracellular expressed 

dsRNA from pUC/DS in Drosophila S2 cells. (A) Schematic representation of pUC/DS, 

pIB/T7 and pMT/GFP reporter system. (B) Drosophila S2 cells in a 24-well plate were 

transfected with different plasmid combinations as indicated. Induction of pMT/GFP was 

done using 0.5 mM of CuSO4 at 16 hours after transfection. The fluorescence (a) and 

light (b) images of cells were captured under a fluorescence microscope at 2 days after 

induction. 1. Mock; 2. pMT/GFP + pIB/T7; 3. pMT/GFP + pIB/T7 + DNA template 

fragment for GFP dsRNA; 4. pMT/GFP + pIB/T7 + DNA template for LacZ dsRNA; 5. 

pMT/GFP + pIB/T7 + GFP dsRNA; 6. pMT/GFP + pIB/T7 + pUC/DS-GFP-a; 7. 

pMT/GFP + pIB/T7 + pUC/DS-GFP-b; 8. pMT/GFP + pIB/T7 + pUC/DS-LacZ.   

Note: pUC/DS-GFP-a and pUC/DS-GFP-b are different clones tested in the assay.  

B 

A 
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5.2.4 Silencing of transiently expressed Renilla luciferase reporters by dsRNA expressed 

from pUC/DS system in Drosophila S2 cells 

To further verify the RNAi efficiency of dsRNA expression vector, pUC/DS-Rluc was 

constructed by cloning 500 bp of cDNA of Renilla luciferase (Rluc) gene into the 

pUC/DS. The pUC/DS-Rluc was co-transfected with pIB/T7 and renilla luciferase 

reporter system pIZ/Rluc or pIB/Rluc-CP. When performing luciferase assays, 

measurements on pIZ/Rluc reporter system are made on the total accumulated reporter 

protein within cells.  While pIZ/Rluc-CP is destabilized luciferase reporter by genetically 

fusing two protein degradation sequences, CL1 and PEST, to the luciferase gene. Due to 

an increased rate of degradation, these destabilized reporters respond faster and often 

display a greater magnitude of response to rapid transcriptional events and are therefore 

called the Rapid Response™ Reporters. A consequence of inclusion of the degradation 

sequences is that the destabilized luciferase proteins do not accumulate in the cell to the 

same extent as the nondestabilized luciferase-containing controls. As a result, 

destabilized reporter proteins typically generate lower signal intensities. 

The intracellularly expressed Rluc dsRNA from pUC/DS-Rluc could efficiently 

knockdown Renilla luciferase reporter pIZ/Rluc by ~70% (Figure 15A) in transfected S2 

cells compared to control dsRNA of LacZ produced from pUC/DS-LacZ or pIB/Rluc-CP 

reporter by ~90% (Figure 15B). Therefore, this plasmid-based dsRNA expression system 

has provided a convenient tool for gene function analysis, but also could be used as a 

platform to construct a library of dsRNA expression for functional genomics. 
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Figure 15. Silencing of transiently expressed Renilla luciferase reporters by dsRNA 

expressed from pUC/DS system in Drosophila S2 cells. Cells were assayed for luciferase 

expression at 3 days after transfection. (A) DsRNA-mediated silencing of transient 

expressed Renilla reporter pIZ/Rluc.   1. pIZ/Rluc + pIB/T7; 2. pIZ/Rluc + pIB/T7 + 

pUC/DS; 3. pIZ/Rluc + pIB/T7 + pUC/DS-Rluc; 4. pIZ/Rluc + pIB/T7 + pUC/DS-LacZ; 

(B) DsRNA-mediated silencing of transient expressed Renilla reporter pIB/RlucCP.   1. 

pIB/RlucCP + pIB/T7; 2. pIB/RlucCP + pIB/T7 + pUC/DS; 3. pIB/RlucCP + pIB/T7 + 

pUC/DS-Rluc; 4. pIB/RlucCP + pIB/T7 + pUC/DS-LacZ.  

Note:  The RlucCP reporter gene contains two protein destabilization sequences, CL1 

and PEST. The protein encoded by RlucCP responds more quickly and with greater 

magnitude to changes in transcriptional activity than the Rluc gene, its more stable 

counterpart. 

pIZ/Rluc 

pIB/Rluc-CP 
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5.2.5 DsRNAs Intracellular expressed from PCR fragments trigger efficient silencing of 

endogenous gene expression 

We have demonstrated that intracellular expressed dsRNA from pUC/DS can efficiently 

knockdown transient expression of target reporter genes in Drosophila S2 cells, 

implicating that it could be also effective in regulating an endogenous gene. To confirm 

this, Nodamura virus (NoV)-based reporter was used in our assay (150). NoV is a 

positive ssRNA virus that belongs to Alphanodavirus, Nodaviridae, in which flock house 

virus (FHV) is also a member. NoV and FHV have a similar genome organization, and 

the genomic RNA1 is self-replicable and encodes a viral RNA polymerase and B2 

(Figure 12A) (146, 147, 151, 152). It is known that B2 is a suppressor of antiviral 

silencing. NoVR1GFP, a mutant of NoV RNA1 in which B2 gene is replaced by GFP 

coding sequences (Figure 11A), cannot accumulate to a detectable level due to induction 

of strong antiviral RNAi. In Drosophila, RNAi has been identified as an antiviral 

immunity (67, 95). Viral dsRNAs derived from replicating viruses are recognized and 

processed by Dicer-2 into viral specific siRNA, which is incorporated into the effector 

complex RISC and direct target mRNA cleavage by endonuclease argonaute 2 (Ago2), 

which is the major component of RISC (71). When Ago2 is silenced with dsRNA, the 

host RNAi pathway gets disrupted, and mutant virus like NoVR1GFP can replicate 

independent of B2 expression (94, 76). In this assay, S2 cells were transfected with a 

plasmid combination of pIZ/NoVR1GFP, pIB/T7 and DmAgo2 dsRNA. As controls, 

LacZ dsRNA template was included in the co-transfection to replace dsDmAgo2 

template. NoVR1GFP could be efficiently rescued by intracellularly expressed Ago2 

dsRNA as indicated by green fluorescence expressed from replicating NoVR1GFP 

(Figure 16B), suggesting efficient knockdown the endogenous Ago2. 
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Figure 16. DsRNAs Intracellular expressed from PCR fragments trigger efficient 

silencing of endogenous gene expression in Drosophila S2 cells. (A) Schematic 

representation of Nodamura Virus reporter system NoVR1GFP (Replace the BamH I–Sac 

I fragment of RNA1 with the coding sequence for GFP). (B) Cells in a 24-well plate were 

transfected with different plasmid combinations as indicated. The fluorescence (a) and 

light (b) images of cells were captured under a fluorescence microscope at 1 day after 

transfection. 1. pIZ/NoVR1GFP + pIB/T7 + dsLacZ RNA template; 2. pIZ/NoVR1GFP + 

pIB/T7 + dsDmAgo2 Template.  

B 

A 
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5.2.6 Knockdown of endogenous gene expression by dsRNAs expressed from pUC/DS 

system in Drosophila  S2 cells 

Intracellular expressed dsRNA with introduced T7 RNA polymerase from PCR-based 

dsRNA template (Figure 16A) can efficiently knockdown endogenous target gene 

expression (Figure 16B). To verify the efficiency of intracellular expressed dsRNA from 

pUC/DS system in silencing endogenous target genes, 500 bp Drosophila Ago2 sequence 

was cloned into pUC/DS at EcoR I site, producing pUC/DS-DmAgo2. As a control, 

pUC/DS-lacZ was also constructed by inserting 500 bp LacZ sequence into pUC/DS.  

In this assay, S2 cells were transfected with a plasmid combination of pIZ/NoVR1GFP, 

pIB/T7 and dsRNA expression vector pUD/DS-DmAgo2. As controls, pUC/DS-LacZ 

was included in the co-transfection to replace pUD/DS-DmAgo2. NoVR1GFP could be 

efficiently rescued by intracellularly expressed Ago2 dsRNA as indicated by green 

fluorescence expressed from replicating NoVR1GFP (Figure 17B), suggesting efficient 

knockdown the endogenous Ago2.  
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Figure 17. Knockdown of endogenous gene expression by dsRNAs expressed from 

pUC/DS system in Drosophila S2 cells. (A) Schematic representation of pUC/DS and 

pIB/T7 plasmids and NoVRaGFP reporter system.  (B) Efficient knockdown of 

endogenous target by intracellular expressed dsRNAs. Drosophila S2 cells in a 24-well 

plate were transfected with different plasmid combinations as indicated. The fluorescence 

(a) and light (b) images of cells were captured under a fluorescence microscope at 1 day 

after transfection. 1. pIZ/NoVR1GFP; 2. pIZ/NoVR1GFP + dsDmAgo2 RNA; 3. 

pIZ/NoVR1GFP + pIB/T7 + pUC/DS-LacZ; 4. pIZ/NoVR1GFP + pIB/T7 + pUC/DS-

DmAgo2. 

 

A 

B 
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5.2.7 Simplified plasmid-based dsRNA expression system in Drosophila S2 cells 

For this plasmid-based dsRNA expression system pUC/DS, pIB/T7 is required to be co-

transfected with pUC/DS for production of T7 RNA polymerase. In order to improve 

transfection efficiency and simplify the procedure, one-plasmid system was developed by 

cloning the dsRNA expression cassette into pIB/T7 at the Cla I site, generating dsRNA 

expression vector pDS, as shown in (Figure 18A). In S2 cells co-transfected with 

pDS/GFP and pMT/GFP, GFP expression could be efficiently down regulated as found in 

cells expressing pUC/DS-GFP (Figure 18B), indicating pDS is an improved dsRNA 

expression system with similar efficiency as pUC/DS system. The single plasmid 

contains both T7 RNA polymerase gene and its dsRNA template, which can lead to 

increased efficiency in transfection and dsRNA production. Another advantage using 

pDS in loss-of-function assays is that the backbone of pDS, pIB/V5-His (Invitrogen), 

encodes a blasticidin-resistant gene which can be used for selection of cells stably 

expressing specific dsRNAs (persistent cell lines) (145). This is especially important for 

studying some genes usually not very sensitive to transiently expressed dsRNAs. 
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Figure 18. Efficiency of two-plasmid system (pUC/DS) and single-plasmid system (pDS) 

in silencing transient expressed reporter. (A) Schematic representation of dsRNA 

expression systems, pUC/DS and pDS. (B) Efficient knockdown of GFP reporter 

expression by intracellular expressed dsRNAs in Drosophila S2 cells. Cells in a 24-well 

plate were transfected with different plasmid combinations as indicated. Induction of 

pMT/GFP was done using 0.5 mM of CuSO4 at 16 hours after transfection. The 

fluorescence (a) and light (b) images of cells were captured under a fluorescence 

microscope at 2 days post induction. 1. pMT/GFP; 2. pMT/GFP + dsGFP RNA; 3. 

pMT/GFP + pIB/T7; 4. pMT/GFP + pIB/T7 + pUC/DS; 5. pMT/GFP + pIB/T7 + 

pUC/DS-Rluc; 6. pMT/GFP + pIB/T7 + pUC/DS-GFPa; 7. pMT/GFP + pIB/T7 + 

pUC/DS-GFPb; 8. pMT/GFP + pDS; 9. pMT/GFP + pDS/Rluc; 10.  pMT/GFP + 

pDS/GFP.  

Note: pUC/DS-GFPa and pUC/DS-GFPb are different clones tested in the assay.  
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5.2.8 Knockdown of endogenous gene expression by intracellular expressed dsRNAs from 

pDS system in Drosophila S2 cells  

From last experiment, intracellular expressed dsRNA from pDS can knockdown transient 

GFP expression as efficient as pUC/DS system (Figure 19B). Furthermore, we analyzed 

the efficiency of intracellular expressed dsRNAs from pDS in silencing the major 

component gene, Ago-2, in Drosophila RNAi pathway to rescue the NoVR1GFP mutant 

virus replication in S2 cells. Our data indicated that intracellular dsDmAgo2 RNA 

expressed from pDS can completely restore the NoVR1GFP mutant virus replication 

(Figure 19B). Same as two-plasmid based system pUC/DS, single plasmid system pDS 

can efficiently knockdown exogenous as well as endogenous gene expression in 

Drosophila S2 cells. 
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Figure 19. Knockdown of endogenous gene expression by intracellular expressed 

dsRNAs from pDS system in Drosophila S2 cells. (A) Schematic representation of pDS 

plasmid, NoVR1GFP reporter. (B) Efficient knockdown of endogenous agonaute 2 

expression by dsRNAs expressed with pDS system in Drosophila S2 cells. 1. 

pIZ/NoVR1GFP + pDS, 2. pIZ/NoVR1GFP + pDS/DmAgo2, 3. pIZ/NoVR1GFP + 

pDS/Rluc. 

A 

B 



75 

 

5.2.9 Efficiency of pUC/DS and pDS in silencing endogenous target genes expression in 

Drosophila S2 cells 

Furthermore, we analyzed and compared the efficiency of dsRNAs expressed 

intracellularly from pUC/DS and pDS in silencing of major components in Drosophila 

RNAi pathway, including Ago-2, Dcr-2 and Ago-1, Dcr-1. Ago-1 is required for 

maturation and production of microRNAs and not essential for antiviral response (153, 

154). Virus replication (Figure 20) and Northern blotting analysis (Figure 21) indicated 

that intracellular expressed dsRNAs of Ago-2 from pUC/DS (pUC/DS-DmAgo2) and 

pDS (pDS/DmAgo2) led to efficient rescue of NoVR1GFP replication to a level that is 

similar to that from directly transfected dsRNA (Figure 20). In contrast, NoVR1GFP still 

remained at the basal level of replication in cells transfected with empty vector, pUC/DS-

DmAgo1 and pDS/DmAgo1 (Figure 20). Results indicated that pUC/DS and pDS 

systems possess similar ability in knockdown of a target gene, both transiently expressed 

and endogenous target genes. From those experiments, we verified that pUC/DS and pDS 

can be used for functional analysis of cellular genes in Drosophila, mosquito (An. 

gambiae cell 4a-2s4 cell, Data not shown), and other insect cells (Sf21, Data not shown). 

Plasmid-based dsRNA expression systems, pUC/DS and pDS, can be used as a RNAi-

based forward or reverse genetic tool to analyze cellular response to virus infection or 

elucidate specific cellular pathway in insect cells. 
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Figure 20. Efficiency of pUC/DS and pDS in silencing endogenous gene expression in 

Drosophila S2 cell. Cells in a 24-well plate were transfected with different plasmid 

combinations as indicated. The fluorescence (a) and light (b) images of cells were 

captured under a fluorescence microscope at 2 days after transfection. 1. pIZ/NoVR1GFP; 

2. pIZ/NoVR1GFP + pIZ/NoVB2; 3. pIZ/NoVR1GFP + dsDmAgo2-1 RNA; 4. 

pIZ/NoVR1GFP + dsDmAgo2-2 RNA; 5. pIZ/NoVR1GFP + pIB/T7 + pUC/DS; 6. 

pIZ/NoVR1GFP + pIB/T7 + pUC/DS-DmAgo1; 7. pIZ/NoVR1GFP + pIB/T7 +pUC/DS-

DmAgo2-1; 8. pIZ/NoVR1GFP + pIB/T7 + pUC/DS-DmAgo2-2; 9. pIZ/NoVR1GFP + 

pIB/T7 + pUC/DS-DmDcr1; 10. pIZ/NoVR1GFP + pIB/T7 + pUC/DS-DmDcr2; 11. 
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pIZ/NoVR1GFP + dsRluc RNA; 12. pIZ/NoVR1GFP + pIB/T7 + pUC/DS-Rluc; 13. 

pIZ/NoVR1GFP + pDS; 14. pIZ/NoVR1GFP + pDS/DmAgo1; 15. pIZ/NoVR1GFP + 

pDS/DmAgo2-1; 16. pIZ/NoVR1GFP + pDS/DmAgo2-2; 17. pIZ/NoVR1GFP + 

pDS/DmDcr1; 18. pIZ/NoVR1GFP + pDS/DmDcr2; 19. pIZ/NoVR1GFP + pDS/Rluc; 

20. mock.  

Note: pUC/DS-DmAgo2-1 and pUC/DS-DmAgo2-2 target different regions of the 

DmAgo2 coding sequences. 
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Figure 21. Efficiency of pUC/DS and pDS in silencing endogenous gene expression in 

Drosophila S2 cells (Northern blot analysis). Cells in a 24-well plate were transfected 

with different plasmid combinations as indicated. Samples were collected at 2 days after 

transfection for RNA Extraction. Northern Blot was performed with [α-
32

P]-dCTP 

labeled GFP as probe. 1. pIZ/NoVR1GFP; 2. pIZ/NoVR1GFP + pIZ/NoVB2; 3. 

pIZ/NoVR1GFP + dsDmAgo2-1 RNA; 4. pIZ/NoVR1GFP + dsDmAgo2-2 RNA; 5. 

pIZ/NoVR1GFP + pIB/T7 + pUC/DS; 6. pIZ/NoVR1GFP + pIB/T7 + pUC/DS-DmAgo1; 

7. pIZ/NoVR1GFP + pIB/T7 +pUC/DS-DmAgo2-1; 8. pIZ/NoVR1GFP + pIB/T7 + 

pUC/DS-DmAgo2-2; 9. pIZ/NoVR1GFP + pIB/T7 + pUC/DS-DmDcr1; 10. 

pIZ/NoVR1GFP + pIB/T7 + pUC/DS-DmDcr2; 11. pIZ/NoVR1GFP + dsRluc RNA; 12. 

pIZ/NoVR1GFP + pIB/T7 + pUC/DS-Rluc; 13. pIZ/NoVR1GFP + pDS; 14. 

pIZ/NoVR1GFP + pDS/DmAgo1; 15. pIZ/NoVR1GFP + pDS/DmAgo2-1; 16. 

pIZ/NoVR1GFP + pDS/DmAgo2-2; 17. pIZ/NoVR1GFP + pDS/DmDcr1; 18. 

pIZ/NoVR1GFP + pDS/DmDcr2; 19. pIZ/NoVR1GFP + pDS/Rluc; 20. mock.  

Note: pUC/DS-DmAgo2-1 and pUC/DS-DmAgo2-2 target different regions of the 

DmAgo2 coding sequences. 
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5.3 Conclusions 

 Plasmid-based dsRNA expression systems, pUC/DS and pDS, have been 

established in Drosophila cells; 

  pUC/DS and pDS systems have similar efficiency in silencing exogenous and 

endogenous targets; 

 pUC/DS and pDS can be used for functional analysis of cellular genes in 

Drosophila, mosquito, and other insect cells; 

  pUC/DS and pDS can be used as a RNAi-based forward or reverse genetic tool to 

analyze cellular response to virus infection or elucidate specific cellular pathway 

in insect cells. 
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CHAPTER 6 CONSTRUCTION OF RANDOM DSRNA LIBRARY AND 

IDENTIFICATION OF NOVEL CELLULAR GENES INVOLVED IN 

ANTIVIRAL IMMUNE RESPONSE IN INSECT CELLS 

6.1 Introduction 

RNAi serves as an important innate immunity against viruses in plants, fungi, bacteria, 

flies, mosquitoes and other insect cells. As the most commonly used arbovirus 

propagation cell line, Ae. albopictus mosquito C6/36 cell line has recently been shown 

have a dysfunctional RNAi pathway, and is impaired at the step of processing dsRNAs 

into siRNAs. Due to defect RNAi pathway in C6/36 cells, the dsRNA expression system 

does not work very well in it. Also, we found that other Ae. mosquito cell lines such as 

Ae. aegypti Aag2 and ATC-10 cells are nontransfectable, so we need to find a cell line 

that is RNAi competent and easy transfected to screen for the cellular factors required for 

dengue virus infection/replication by RNAi-mediated silening of the target genes. As 

known, Drosophila S2 cell is well established RNAi competent cell line, and it can be 

infected by well-adapted dengue virus (155). In this study, a random cDNA library was 

constructed in the dsRNA expression cassette and initial screening led to identification of 

two host factors that are involved in antiviral response in Drosophila S2 cells. With 

comparative genomics, we also tested the homologs of those novel factors in Ae. aegypti 

Aag2 cell line to see whether those dengue virus host factors are implicated in the 

antiviral pathway in the same way as in Drosophila S2 cells. 
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6.2 Results 

6.2.1 Genome-wide RNAi screening for cellular factors that affecet virus replication in 

Drosophila S2 cells 

Over 100 pUC/DS-cDNA clones were randomly selected and plasmids were isolated, 

followed by co-transfection of S2 cells with pIZ/NoVR1GFP. Plasmids pUC/DS-

DmAgo2 and pUC/DS-LacZ were used as a positive and negative control, respectively. 

There were two potential positive hits (Figure 22) observed in the initial screen, which 

are further confirmed by secondary co-transfection assay, followed by Northern blotting 

analysis (Figure 23) for detection of mutant virus reporter FHVR1GFP replication. DNA 

sequencing revealed that DmUnc119 (Uncoordinated 119, Unc119) and DmNFAT 

(nuclear factor of activated T cells, NFAT) are the factors in Drosophila cells whose 

depletions by RNAi-mediated  silencing can rescue flock house mutant virus FHVR1GFP 

and may be involved in antiviral mechanism in a manner not described before. In order to 

verify the involvement of Unc119 and NFAT in antiviral response, a Drosophila S2 cell 

line persistently infected with Dengue virus type 2 (DV2) New Guinea C strain (S2-DV2) 

was established by continuous passage of virus-infected cells. DsRNA templates were 

PCR-amplified from pUC/DS-DmUnc119 and pUC/DS-DmNFAT using the T7 primer, 

and dsRNAs were synthesized by in vitro transcription. In S2-DV2 cells transfected with 

dsRNA targeting Unc119 and NFAT, DV2 replication were significantly enhanced by 

3.7-fold (Figure 24)  and 8.7-fold (Figure 28) compared to control lacZ dsRNA treatment, 

suggesting that DmUnc119 and DmNFAT could confer a general state of antiviral 

response in S2 cells.  
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Figure 22. Genome-wide RNAi screening for cellular factors that affect virus replication 

in Drosophila S2 cells. (A) Schematic representitative of the pUC/DS-S2cDNA library 

co-transfection with pMT/FHVR1GFP reporter system. (B) Cells in a 24-well plate were 

transfected with different plasmid combinations as indicated. Induction of 

pMT/FHVR1GFP was done using 0.5 mM of CuSO4 at 16 hours after transfection. The 

fluorescence (a) and light (b) images of cells were captured under a fluorescence 

A 

B 
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microscope at 2 days after induction. 1. Mock; 2. pMT/FHVR1GFP + pIB/T7; 3. 

pMT/FHVR1GFP + pIB/T7 + pUC/DS-LacZ; 4. pMT/FHVR1GFP + pIB/T7 + pUC/DS-

DmAgo2; 5. pMT/FHVR1GFP + pIB/T7 + pUC/DS-DmUnc119; 6. pMT/FHVR1GFP + 

pIB/T7 + pUC/DS-DmNFAT. 

 

 

 

 

 

 

 

Figure 23. Effect of silencing DmUnc119 and DmNFAT on host antiviral response in 

Drosophila S2 cells. Cells in a 24-well plate were transfected with different plasmid 

combinations as indicated. Induction of pMT/FHVR1GFP was done using 0.5 mM of 

CuSO4 at 16 hours after transfection. Samples were collected at two days after induction 

for RNA extraction. Northern blot was performed with [α-
32

P]-dCTP labeled GFP as 

probe. 1. Mock; 2. pMT/FHVR1GFP + pIB/T7; 3. pMT/FHVR1GFP + pIB/T7 + 

pUC/DS-LacZ; 4. pMT/FHVR1GFP + pIB/T7 + pUC/DS-DmAgo2; 5. 

pMT/FHVR1GFP + pIB/T7 + pUC/DS-DmUnc119; 6. pMT/FHVR1GFP + pIB/T7 + 

pUC/DS-DmNFAT. 
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6.2.2 Effect of DmUnc119 dsRNA treatment on DV2 replication in S2-DV2 cell line  

Drosophila actin 5C gene was used as endogenous reference gene when analysis 

Drosophila Unc119 and NFAT gene transcription level (mRNA level) after different 

treatment. Ae. aegypti NFAT and Unc119 were analyzed by quantitative Real-time RT-

PCR with Ae. aegypti act1 gene as endogenous reference gene. When cells were 

challenged with different virus such as flock house virus and dengue virus type 2 (New 

Guinea-C strain), the virus replication level was also detected by qRT-PCR with specific 

primers (Table 3). 

Table 3. Quantitative Real-time RT-PCR primers used to detect target gene transcription 

(mRNA) in Drosophila S2 cell and Ae. aegypti Aag2 cells. 

Target 

gene 

qRT-PCR primer sequences 

(5’-3’) 

 PCR Product 

size (bp) 

DmAct5c 

 

F: TTACTCTTTCACCACCACCGCTGA 

R: TGCTCAAAGTCGAGGGCAACAT 

84 

   

DmNFAT F: CCACCAACACCAGCTACTATG 

R: CTGCTCCTGGGTGGTTATAAAG 

111 

   

DmUnc119 F: TGATCGAACGCCACTCTTC 

R: CGTAGATGTGCTCAACCGTATT 

102 

   

AaAct1 

 

F: GCTCCACCAGAACGTAAATACT 

R: ATCGTACTCCTGCTTGGAAATC 

99 

   

AaNFAT F: CCGACGATTAGACGACCATTATC 

R: TCCCTGTCCTGTTCGTAACTA 

94 

   

AaUnc119 F: CATCCCACCGGATCTAGTAAAC 

R: CGCGTAGTCTGCCTTGTTAT 

112 

   

D2/NGC F: GCTGAAACGCGAGAGAAACC 

R: CAGTTTTAITGGTCCTCGTCCCT 

94 

   

FHVR1 F: CACATGCGTCCAGTAGTGTTA 

R: GCTCCACCGCTAACCTTATATT 

116 

Note: F: Forward primer; R: Reverse primer. 
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Figure 24. Effect of DmUnc119 dsRNA treatment on DV2 replication in S2-DV2 

persistent cell line. S2-DV2 cells in 24-wells plate are transfected by DmUnc119 dsRNA 

and control dsRNA (LacZ), at different time points (dpt), cells are collected for RNA 

extraction and qRT-PCR analysis.  

The p values are calculated based on a Student’s t-test of the replicate values in the 

control group and treatment groups, and p < 0.01 is indicated by *.  

 

 

 

* 
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6.2.3 Effect of FHV infection on DmUnc119 transcription in Drosophila S2 cells  

 

 

 

 

 

 

Figure 25. Effect of FHV infection on DmUnc119 transcription in Drosophila S2 cells. 

S2 cells were infected with Flock house virus (FHV) of MOI 1.0. At different time point, 

infected cells are collected for RNA extraction and qRT-PCR assay. 

The p values are calculated based on a Student’s t-test of the replicate values in the 

control group and treatment groups, and p < 0.05 are indicated with *.  

 

* 

* 

* 
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6.2.4 Effect of DV2 infection on AaUnc119 transcription in Ae. aegypti Aag2 cells  

 

 

 

 

 

 

 

 

Figure 26. Effect of DV2 infection on AaUnc119 transcription in Ae. aegypti Aag2 cells. 

Note: Aag2 cells were infected with DV2 of MOI 1.0. At different times, infected cells 

are collected for RNA extraction and qRT-PCR assay. 

The p values are calculated based on a Student’s t-test of the replicate values in the 

control group and treatment groups, and p < 0.05 are indicated with *.  
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6.2.5 Effect of over-expression of DmUnc119 on DV2 replication in Drosophila S2 cells 

 

 

 

 

 

 

 

 

 

 

 

Figure 27. Effect of over-expression of DmUnc119 on DV2 replication in Drosophila S2 

cells. Drosophila cells in 24-wells plate are transfected with over-expression plasmid, 16 

hours post transfection, cells are infected with DV2-S2 virus, 3 days after infection, cells 

are collected for RNA extraction and qRT-PCR assay. (A) Western blot verification of 

over-expression, (B) DmUnc119 transcription by qRT-PCR, (C) DV2 replication in 

target genes over-expressed cells by qRT-PCR. 

Note: The p values are calculated based on a Student’s t-test of the replicate values in the 

control group and treatment groups, and p < 0.001 are indicated with *. 

A B 

C 
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6.2.6 Effect of DmNFAT dsRNA treatment on DV2 virus replication in S2-DV2 cell line  

 

 

 

 

 

 

 

 

Figure 28. Effect of DmNFAT dsRNA treatment on DV2 virus replication in S2-DV2 

cell line. S2-DV2 cells in 24-wells plate are transfected by DmNFAT dsRNA and control 

dsRNA (LacZ), at different time points (dpt), cells are collected for RNA extraction and 

qRT-PCR analysis.  

Note: The p values are calculated based on a Student’s t-test of the replicate values in the 

control group and treatment groups, and p < 0.01 are indicated with *, p<0.001 by **.  
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6.2.7 Effect of FHV infection on DmNFAT transcription in Drosophila S2 cells  

 

 

 

 

 

 

 

Figure 29. Effect of FHV infection on DmNFAT transcription in Drosophila S2 cells. S2 

cells were infected with Flock house virus (FHV) of MOI 1.0. At different time points, 

mock and infected cells are collected for RNA extraction and qRT-PCR analysis. 

Note: The p values are calculated based on a Student’s t-test of the replicate values in the 

control group and treatment groups, and p < 0.05 are indicated with *.  
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6.2.8 Effect of DV2 infection on AaNFAT transcription in Ae. aegypti Aag2 cells  

 

 

 

 

 

 

 

Figure 30. Effect of DV2 infection on AaNFAT transcription in Ae. aegypti Aag2 cells. 

Note: Aag2 cells were infected with DV2 of MOI 1.0. At different time ponits, mock and 

infected cells are collected for RNA extraction and qRT-PCR analysis. 

Note: The p values are calculated based on a Student’s t-test of the replicate values in the 

control group and treatment groups, and p < 0.01 are indicated with **.  
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6.2.9 DmNFAT regulated by DYRKs and phosphoprotein phosphatases  

Gwack et al found that DYRK-family kinases are regulators of NFAT in Drosophila by 

genome-wide RNAi screen (172, Figure 31). In this study, the dsRNA-mediated silencing 

of DYRK genes indicated that DYRK2 and DYRK3 are required for DV2 replication in 

Drosophila S2 cells (Figure 32A), whereas DYRK1 is the restriction factor for DV2 

replication in S2 cells (Figure 32A). In this study, we found that in Ae. aegypti Aag2 cells, 

AaNFAT (Figure 25) and AaUnc119 (Figure 26) participated in antiviral pathway similar 

as in Drosophila S2 cells. In human rsting cells, NFAT proteins are heavily 

phosphorylated and reside in the cytoplasm, when cells exposed to stimuli such as Ca
2+ 

levels rise, they will get dephosphorylated by the calmodulin-dependent phosphatase 

calcineurin and translocate to the nucleus (173). In Drosophila, 18-22 PPP genes 

generated from a core set of 8 indispensible phosphatases in most insect cells. Based on 

the primary structures, the PPP enzymes are divided into 5 subgroups: (i) The type 1 or 

PPP1 subfamily, including Pp1-96A, Pp1-9C, Pp1-13C, Pp1-87B, Pp1-9C, Ppγ-55A, 

PpN-56A, PpD5, PpD6, Pp1-γ1, Pp1-γ2 (174). (ii) The calcineurin/Pp2B/PPP3 Ca
2+

-

regulated protein phosphatases, including three closely related isoforms, CanA1, Pp2B-

14D, CanA-14F. (iii) The type 2 or (PPP2-4-6) phosphatases, Pp2A (a.k.a. microtubule 

star, mts) (175), Pp4-19C (176), PpV (177) and Pp4-like (178). (iv) PPP5 subgroup, 

PpD3. (v) PPP7 subgroup, retinal degeneration C (rdgC), Ca-calmodulin regulated 

protein phosphatase protecting retina from light-induced degeneration (179, 180). In this 

study, we try to figue out how these PPPs participate in the NFAT regulatory pathway 

and which step they will step in for the dephosphorylation (Figure 31). Our results 

indicated that PPPs are localized in cytoplasm (Figure 35), where they function to 
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dephosphorylate NFAT and activate its translocation to nucleus for the re-

phosphorylation by DYRK1, activate its regulatory function on downstream genes, which 

will affect virus replication in host cells. 

 

 

 

 

 

 

 

Figure 31: DmNFAT regulated by DYRKs and phosphoprotein phosphatases (PPPs). 
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Figure 32. Effect of RNAi-mediated silencing of DmDYRK1, DmDYRK2 and DYRK3 

on DV2-S2 replication and DmNFAT transcription (mRNA) in Drosophila S2 cells. (A)  

Effect of dsRNA-mediated DmDYRKs silencing on DV2-S2 replication in Drosophila 

S2 cells, (B) Effect of dsRNA-mediated DmDYRKs silencing on DmNFAT transcription 

(mRNA).   

Note: The p values are calculated based on a Student’s t-test of the replicate values in the 

control group and treatment groups, and p < 0.05 are indicated with *.  
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* * 
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Figure 33. Effect of DmDYRK1 (A) DmDYRK2 and DmDYRK3 (B) silencing on the 

DmNFAT regulation and DV2 replication in Drosophila S2 cells. 
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Figure 34. Effect of RNAi-mediated silencing of Drosophila Phophoprotein 

phosphatases (PPPs) on DV2-S2 replication and DmNFAT transcription (mRNA) in 

Drosophila S2 cells. (A)  Effect of dsRNA-mediated DmPPPs silencing on DV2-S2 

replication in Drosophila S2 cells, (B) Effect of dsRNA-mediated DmPPPs silencing on 

DmNFAT transcription (mRNA).   

Note: The p values are calculated based on a Student’s t-test of the replicate values in the 

control group and treatment groups, and p < 0.01 are indicated with *.  

B 
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Figure 35. Effect of DmPPPs silencing on the DmNFAT regulation and DV2 replication 

in Drosophila S2 cells. 
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 6.3 Conclusions 

 DsRNA expression system can be used in analysis gene function in insect cells. 

providing an alternative tool for functional genomics in Drosophila and other 

insect cells; 

 DmUnc119 and DmNFAT are implicated in antiviral response in Drosophila S2 

cells; 

 AaUnc119 and AaNFAT are involved in antiviral immune response in Ae. aegypti 

Aag2 cell; 

 DmDYRK2 and DmDYRK3 are responsible for phosphorylation of cytoplasmic 

NFAT, which will let the NFAT reside in the cytoplasm, while PPPs counteract 

the function of DmDYRK2 and DmDYRK3 to dephospharylation of NFAT and 

promote its translocation from cytoplasm to nucleus; 

 In nucleus, DmDYRK1 is responsible for the re-phosphorylate nuclear NFAT to 

activate the downstream gene expression. 
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CHAPTER 7 DISCUSSIONS 

RNAi is the major innate immunity against viruses in flies and mosquitoes. The sensory 

protein Dicer processes dsRNAs derived from virus replication into siRNAs and initiates 

the sequence-specific antiviral response. In this study, we established in vitro Dicer assay 

with the cell extracts prepared from mosquito cells, and confirmed the absence of Dicer 

enzymatic activity in C6/36 cells (Figure 7). Using Nodamura virus as a model, we 

functionally analyzed the defect of C6/36 in RNAi-based antiviral immunity, 

demonstrating that RNAi pathway is the primary antiviral mechanism in mosquito cells.   

In this study, we demonstrated that dsRNA-mediated gene regulation is defective in 

C6/36 cells, in which the capacity of the cell extract to process dsRNAs into siRNAs in 

C6/36 cells is compromised. As known, Ae. albopictus C6/36 cell line is the most 

prevalently used cells for flavivirus propagation due to its high susceptibility and 

permissibility to the arbovirus infection. The defective RNAi-mediated antiviral 

immunity found in this study may contribute to the high permissibility of C6/36 cells to 

infection by many arboviruses. On the other hand, we also found that in the absence of 

functional Dicer activity, siRNAs are still able to incorporate into RISC, which can 

execute specific degradation of homologous mRNAs (Figure 9). At the same time, 

microRNA processing is still functional normally in C6/36 cells (Figure 10), suggesting 

that the defect in dsRNA processing might be derived from the disruption of Ae. 

albopictus Dicer-2 activity. Our C6/36 and Ae. albopictus Dicer-2 full length cloning 

indicated that there is a single nucleotide deletion at 2460 nt (G) in C6/36 Dicer-2 ORF 

which attenuated the dicer protein in the C6/36 cell line at 819 AA compared to the 1659 

AA wild type dicer-2 protein in Ae. albopictus (Data not shown). Based on the domain 
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structures of representative members of Dicer-2 protein, the RNaseIII domain usually 

located at the C-terminal (156), which is absent from C6/36 Dicer-2 protein. So the 

truncated C6/36 Dicer-2 protein lost the ability to bind and process the dsRNA into 

siRNA required for target mRNA degrading. Our results also indicated that the defective 

Dcr-2 in C6/36 cells cannot be complemented by introduction of a functional Dcr-2, 

DmDcr2 (Figure 11B). This was further confirmed with failed siRNA production from 

dsRNAs by FLAG-DmDcr2 pull-downed from the transfected cells (Figure 11C).  These 

results indicated that in Ae. albopictus C6/36 cells, there is some unknown mechanism 

that restricts the normal expression of wild type Dicer-2. To address this issue, further 

experiments need to be carefully designed in future. 

RNAi has been used as a powerful tool for gene loss-of-function studies, leading to 

uncover novel gene functions in many biological processes in plants and animals. The 

systems for RNAi-based functional genomic analysis have been established in plants, 

worms, flies, mice and humans (144, 157-160). Various strategies are being used in 

different organisms in term of development of RNAi libraries, including the nature of 

effector RNAs (long dsRNA, siRNA or short-hairpin RNA) and the delivery of the 

effector RNAs (synthesized in vitro or expressed from a vector in vivo). Selection of 

RNAi library in functional genomics will largely depend on the cell/organism to work 

with, the purpose of screening, and the cost issue. 

In insect cells, dsRNAs used for gene functional studies are usually in vitro transcribed 

by T7 RNA polymerase from DNA template that contains two convergent T7 promoters 

(140). Production of long dsRNAs in vivo can be achieved by either transcription from 

long inverted-repeat sequences or from the sequences that carrying convergent promoters 
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(141). Because of instability of long inverted-repeats in plasmids, the strategy with 

convergent promoters is more often used. Expression of dsRNA from two opposing T7 

promoters can be efficiently mediated by T7 RNA polymerase in bacteria and 

trypanosomes, which has been successfully used for genome-wide RNAi in C. elegans 

and trypanosomes (142, 143). However, plasmid based dsRNA expression has not been 

established for functional genomic studies in insect cells. In this study, a plasmid-based 

dsRNA expression system was developed and could serve as useful tool for functional 

genomics in insect cells. We have demonstrated that dsRNA intracellularly expressed 

from plasmid-based dsRNA expression cassette can efficiently knockdown transient 

expression of target reporter genes (Figure 13, 14, 15) and also is effective in regulating 

an endogenous gene (Figure 16 and 17) in Drosophila S2 cells. Furthermore, we 

analyzed and compared the efficiency of dsRNAs expressed from pUC/DS and pDS 

(Figure 18, 20 and 21) in regulation of major components in Drosophila RNAi pathway, 

including Ago-2 and Ago-1, in which Ago-2 is responsible for siRNA production, while 

Ago-1 is required for maturation and production of microRNAs and not essential for 

antiviral response (153, 154). Results indicated that pUC/DS and pDS systems possess 

similar ability in knockdown of a target gene, either transiently expressed or endogenous. 

So, the plasmid-based dsRNA expression system was successfully established in 

Drosophila S2 cell line. Next, we try to apply this system to discover novel components 

in antiviral RNAi pathway in Drosophila S2 cells. From the initial screening, two 

potential candidates DmUnc119 and DmNFAT (Figure 22, 23) were discovered. RNAi-

mediated silencing of DmUnc119 and DmNFAT can efficiently rescue the mutant flock 
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house virus FHVR1GFP replication (Figure 22, 23), which means that these two genes 

may be involved in antiviral responses in Drosophila cells in unknown way.  

Uncoordinated 119 (Unc119) family of neural protein is involved in neuron and nervous 

system development in humans, Drosophila, C. elegans (161) as well as in Zebrafish 

(162). The unc-119 genes are conserved both in function and structure. The carboxyl 

terminus of unc-119 is indispensible for its conserved function across different species. 

Studies demonstrated that HRG4/HsUnc-119 and DmUnc-119 can efficiently rescue the 

defects from unc-119 null mutant in C. elegans (161). In addition to the conserved 

function of Unc-119, in C. elegans, unc-119 is involved in feeding, chemosensation, and 

locomotion of the worm (163) and T cell activation (164).  Recent study demonstrates 

that Unc-119 is required for G protein trafficking in sensory neurons in C. elegans (165). 

Also, some research indicates that Unc119 is implicated in myofibroblast differentiation 

through the activation of Fyn and the p38 MAPK (mitogen-activated protein kinase) 

pathway (166), which is also involved in insect immunity, as well as environmental 

stresses response in Drosophila.  Innate immunity as the dominant immunity in plants, 

fungi, insects and in primitive muticellular organisms, play vital role in antimicrobial 

defense process. Even though, DmUnc119 most like is involved in neurons and nervous 

system development, it is still potential implicated in RNAi-mediated antiviral pathway 

in some way, which is consistent with our results (Figure 22 & 23). In S2-DV2 persistent 

cell line, silencing of DmUnc119 can improve the DV2 replication significantly by 3.7- 

(Figure 24) folds compared to control group, indicating that DmUnc119 may participate 

in antiviral immune response in Drosophila S2 cells. As known, in addition to RNAi 

antiviral response, other cellular pathway like Toll pathway, Imd pathway, and Jak-STAT 



103 

 

pathway are also involved in antiviral immune responses in insect and mosquito cells. In 

this study, we also found DmUnc119 is up-regulated by FHV virus infection at different 

time points (Figure 25). Also, when Ae. aegypti Aag2 cells were challenged with DV2-

NGC (MOI 1.0), it induced the Aedes homolog of DmNFAT, AaNFAT transcription at 

different time point after infection (Figure 26). This finding indicated that in mosquito 

cell, AaUnc119 are implicated in the antiviral response same as in Drosophila S2 cells.  

NFAT (nuclear factor of activated T cells) transcription factors play a critical role in 

inducible gene transcription during the immune response (167-170). Despite their name, 

NFAT proteins are expressed not only in T cells, but also in other classes of immune-

system cells. In human, there are five Nuclear Factors of Activated T-cells, NFAT1-5, 

while in Drosophila NFAT gene encodes the only homolog dNFAT with highest 

similarity to hNFAT5. Silencing of DmNFAT by dsRNA will improve DV2 replication 

by 1.6 folds at one day post transfection and 8.7 folds higher at two days post transfection 

(Figure 28) in S2-DV2 persistent cell line. Loss-of-function study of dNFAT in 

Drosophila indicated that dNFAT contributes significantly to salt stress response (171). 

In this study, we also found that DmNFAT is up-regulated by FHV virus infection in 

Drosophila S2 cells at different time points (Figure 29). Same as Unc119, the Aedes 

homolog, AaNFAT is up-regulated upon DV2 virus infection in Aag2 cells (Figure 30). 

It’s possible the DmNFAT is involved in universal pathway against stress response like 

salt stress, virus infection etc. and may be same case in Aedes mosquito cells. 

Recent study with genome wide RNAi screening identifies DYRK (dual-specificity 

tyrosine-phosphorylation regulated kinases)-family kinases as regulators of NFAT (172. 

Figure 31). This study indicates that DYRK is key kinase that regulates NFAT1 
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phosphorylation status. While different DYRK genes do not all function at the same way.  

DYRK2-DYRK3-DYRK4, localized to the cytoplasm, will function primarily as 

‘maintenance’ kinases that sustain the phosphorylation status of cytoplasmic NFAT in 

resting cells, whereas DYRK1A and DYRK1B, localized to nucleus, will re-

phosphorylate nuclear NFAT and promote its nuclear export (181). In this study, the 

dsRNA-mediated silencing of DYRK genes indicated that DmDYRK2 and DmDYRK3 

are restricted factors of activated DmNFAT in nucleus, required for DV2-S2 replication 

in Drosophila S2 cells (Figure 32, Figure 33B), whereas DmDYRK1 is positive regulator 

of activated DmNFAT in nucleus, involved in antiviral response against DV2-S2 

replication in S2 cells (Figure 32, Figure 33A). Chow et al. reported that NFAT 

transcription factor contributes to the cytokine interleukin-2 (IL-2) expression by binding 

to its promoter region. Their data demonstrated that NFAT transcription factor is 

involved in IL-2 gene expression and therefore play significant role in the initiation of 

immune response (182). As known, innate immunity is an ancient defense that enables 

multicellular organisms to detect and fight infectious microbes (90). In addition to RNA 

interferencing (RNAi), other innate immunity also plays a role in antimicrobial response 

in Drosophila. Such as Toll pathway not only controls resistance to fungal and Gram-

positive bacterial infection, but also involved in antiviral response in Drosophila 

melanogaster (91, 92). While Gram-negative bacteria mainly activate the immune 

deficiency (Imd) pathway, which governs expression of the genes encoding many 

antibacterial peptides (93). Recent research indicated that Imd pathway is also involved 

in antiviral immune responses in Drosophila (93). In addition to Toll and Imd pathways, 

a third, evolutionary conserved innate immunity pathway, Jak-STAT (Janus kinase-
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signal transducer and activator of transcription) also counteract viral infection in 

mosquito (10) and Drosophila (90).  In our study, we find out that dNFAT is involved in 

antiviral pathway, could rescue flock house mutant virus to comparable level to wild type 

virus without B2 suppressor. High potentially, the dNFAT is implicated in the RNAi-

mediated antiviral pathway in Drosophila. Phopsotrotein phosphatases (PPPs) are 

important regulatory enzymes present in all eukarytic organisms. PPPs cooperate with 

kinases to ensure phosphorylation - dephosphorylation regulatory cycle reversible. In 

Drosophila, 18-22 PPP genes generated from a core set of 8 indispensible phosphatases 

in most insect cells. Based on the primary structures, the PPP enzymes divided into 5 

subgroups (176). In this study, we randomly pick up one or two members from each 

subgroup to test how they cooperate with DYRKs to maintain the NFAT 

phosphorylation-dephosphoryaltion status balance in Drospophila S2 cells. Those 

selected PPPs are list as follows:  

 The type 1 or PPP1 subfamily, including Pp1-13C, Pp1-87B, 

 The calcineurin/Pp2B/PPP3 Ca
2+

-regulated protein phosphatases, CanA,  

 The type 2  or (PPP2-4-6) phosphatases,    Pp2A (a.k.a. microtubule star, mts) 

(175), Pp4-19C (176), PpV (177), 

 PPP5 subgroup, PpD3, 

 PPP7 subgroup, retinal degeneration C (rdgC), Ca-calmodulin regulated protein 

phosphatase protecting retina from light-induced degeneration (178, 180). 

From the quantitative RT-PCR data, the PPPs function as counteract to DmDYRK2 and 

DmDYRK3 in cytoplasm to dephophorylate the NFAT and motivated its translocation to 



106 

 

nucleus for the rephosphorylation by DmDYRK1 to activate the NFAT gene, which is 

involved in antiviral response in our results. So when those PPPs gene are silenced by 

dsRNA, the NFAT activated form (NFAT-(P)) will get down-regulated in nucleus, which 

will favor the virus replication (Figure 34A & Figure 35) withous affect the NFAT 

transcription level (Figure 34B). From these results we can conclude that these PPPs 

function mainly in cytoplasm to activate NFAT and its translocation to nucleus (Figure 

35).  

 



107 

 

APPENDIX 

Bibliography 

1. Baojun Yang, Charles Hua, Qi Li, Cherie Kakinami, Yujia Li and Hongwei Li. 

2013 Evidence for impaired RNAi-based antiviral immunity in Aedes albopictus 

C6/36 cells. Viruses, submitted.  

2. Baojun Yang, Qi Li , Cherie Kakinami, Yujia Li, and Hongwei Li. 2013 

Development of a dsRNA expression system for functional genomic studies in 

insect cells. BMC Genomics, submitted. 

3. Yujia Li, Cherie Kakinami, Qi Li, Baojun Yang, Hongwei Li. 2013 Human 

Apolipoprotein A-I Is Associated with Dengue Virus and Enhances Virus Infection 

through SR-BI. PLoS One, 8(7): e70390 

4. Baojun Yang and Hongwei Li. 2011 Dicer Assay in Drosophila S2 Cell Extract. 

Antiviral RNAi, Methods in Molecular Biology, Volume 721, Part 3, 215-229, 

Chapter 13  

5. M. H. Li*, Baojun Yang*, Y. Leng, C. P. Chao, J. M. Liu, Z. F. He, Z. D. Jiang & 

Shaobin Zhong. 2011 Molecular characterization of Fusarium oxysporum f. sp. 

cubense race 1 and 4 isolates from Taiwan and Southern China. Canadian J. of 

Plant Pathology, 33 (2): 168 -178 (The first two authors contributed equally to this 

study.) 

6. Shaobin Zhong, Baojun Yang, Krishna D. Puri. 2011 Characterization of Puccinia 

psidii isolates in Hawaii using microsatellite DNA markers. J. Gen Plant Pathol., 

77: 178–181 

7. Baojun Yang and Shaobin Zhong. 2008 Fourteen polymorphic microsatellite 

markers for the fungal banana pathogen Mycosphaerella fijiensis. Molecular 

Ecology Resources, 8 (4): 910–912 

8. Shaobin Zhong, Baojun Yang and Acelino Couto Alfenas. 2008 Development of 

microsatellite markers for the guava rust fungus, Puccinia psidii. Molecular 

Ecology Resources, 8(2): 348–350 

9. GUO Shu-hua, YANG Bao-jun, DU Yong-chen, WANG Xiao-wu. 2007 Clone and 

Expression of Fruit Specific Promoter E8p1. J. of Agricultural Biotechnology, 15 (2) 

10. Xiaowu Wang, Ping Lou, Guusje Bonnema, Baojun Yang, Hangjun He, Yanguo 

Zhang, Zhiyuan Fang.  2005 Linkage mapping of a dominant male sterility gene 

Ms-cd1 in Brassica oleracea. Genome, 48(5): 848-854 

11. Peidu Chen, Wenxuan Liu, Jianhua Yuan, Xiue Wang, Bo Zhou, Suling Wang, 

Shouzhong Zhang, Yigao Feng, Baojun Yang, Guangxin Liu, Dajun Liu, Lili Qi, 

http://www.springerlink.com/content/?Author=Baojun+Yang
http://www.springerlink.com/content/?Author=Hongwei+Li
http://www.springerlink.com/content/u69225062841kj73/
http://www.springerlink.com/content/978-1-61779-036-2/
http://www.springerlink.com/content/1064-3745/
http://www.tandfonline.com/loi/tcjp20?open=33#vol_33
http://onlinelibrary.wiley.com/doi/10.1111/men.2008.8.issue-2/issuetoc


108 

 

Peng Zhang, Berd Friebe, Bikram S. Gill. 2005 Development and characterization 

of wheat-Leymus racemosus translocation lines with resistance to Fusarium head 

blight. Theor. Appl. Gent., 111: 941-948  

12. Zhuang Mu, Wang Xiaowu, Xie Bingyan, Yang Baojun, Fang Zhiyuan, Huang 

Heyan, and Guo Shuhua. 2004 Construction and Transformation of an Antisense 

CMV 2b Gene. Acta Horticulturae Sinicia, 31 (6): 811-813 

13. Li Junming, Bistra Atanassova, Xu Hejin, Zhou Yongjian and Yang Baojun. 2002 

The Preliminary Study on ps-2 Male Sterile Lines in Tomato. Acta. Horiculturae. 

Sinica., 29(4): 381-382 

14. Li Junming, Zhou Yongjian, Xu Hejin and Yang Baojun. 2002 The Preliminary 

Study of Tomato Seed Germination Rate and Potentiality with Different Genotypes. 

Northern Horticulture, (2): 34-35  

15. Liu Ping, Yang Baojun, and Chen Peidu. 2004 Transfer of disease resistance of 

Triticum aestivum-Haynaldia villosa 6VS/6AL translocation lines in different wheat 

background. J. of Nanjing Agricultural University, 27(2): 1-5 

16. YANG Bao-Jun, DOU Quan-Wen, LIU Wen-Xuan, ZHOU Bo, CHEN Pei-Du.  

2002 Development of Triticum aestivum – Leymus racemous Translocation Lines 

NAU601 and NAU618 and their Test-Cross Analysis with Double Ditelosomic. 

Acta. Genetica. Sinica, 29(4): 350-354 

 

http://c.wanfangdata.com.cn/Periodical-bfyany.aspx
http://c.wanfangdata.com.cn/Periodical-njnydxxb.aspx


109 

 

REFERENCES 

1. DeFoliart, G. R., P. R. Grimstad, and D. M. Watts. (1987) Advances in mosquito-

borne arbovirus/vector research. Annu. Rev. Entomol., 32, 479-505. 

2. Bangham, J., F. Jiggins, and B. Lemaitre. (2006) Insect immunity: the post-

genomic era. Immunity 25, 1-5. 

3. Dimopoulos, G., H. M. Muller, E. A. Levashina, and F. C. Kafatos. (2001) Innate 

immune defense against malaria infection in the mosquito. Curr. Opin. Immunol., 

13, 79-88. 

4. Lowenberger, C. (2001) Innate immune response of Aedes aegypti. Insect 

Biochem. Mol. Biol., 31, 219-29. 

5. Beerntsen, B. T., A. A. James, and B. M. Christensen. 2000. Genetics of mosquito 

vector competence. Microbiol. Mol. Biol. Rev., 64, 115-137. 

6. Xi, Z., J. L. Ramirez, G. Dimopoulos. (2008) The Ae. aegypti Toll Pathway 

Controls Dengue Virus Infection. PLoS Pathog., 4(7), e1000098. 

doi:10.1371/journal.ppat.1000098 

7. Ramirez, J. L.,  and G. Dimopoulos. (2010) The Toll immune signaling pathway 

control conserved anti-dengue defenses across diverse Ae. aegypti strains and 

against multiple dengue virus serotypes. Developmental and Comparative 

Immunology, 34, 625–629. 

8. Sanders, H. R.,  B. D. Foy, A. M. Evans, L. S. Ross, et al. (2005) Sindbis virus 

induces transport processes and alters expression of innate immunity pathway 

genes in the midgut of the disease vector, Ae. aegypti. Insect Biochemistry and 

Mol. Biology, 35, 1293-1307. 

9. Avadhanula,  V., B. P. Weasner, G. G. Hardy, J. P. Kumar, R.W. Hardy. (2009) A 

Novel System for the Launch of Alphavirus RNA Synthesis Reveals a Role for 

the Imd Pathway in Arthropod Antiviral Response. PLoS Pathog., 5(9), 

e1000582. doi:10.1371/journal.ppat.1000582 

10. Souza-Neto, J. A.,  S. Sim, and G. Dimopoulos. (2009) An evolutionary 

conserved function of the JAK-STAT pathway in anti-dengue defense. Proc. Natl. 

Acad. Sci. USA., 106 (42), 17841-71846 

11. Colpitts,  T. M., J. Cox, D. L. Vanlandingham, F. M. Feitosa, G. Cheng, et al. 

(2011) Alterations in the Ae. aegypti Transcriptome during Infection with West 

Nile, Dengue and Yellow Fever Viruses. PLoS Pathog., 7(9), e1002189. 

doi:10.1371/journal.ppat.1002189 

12. Normile, D. (2013) Surprising new dengue virus throws a spanner in disease 

control efforts. Science, 342, 415 

13. Gubler, D. J. (1998) Resurgent vector-borne diseases as a global health problem. 

Emerg Infect Dis., 4, 442-450. 



110 

 

14. Gubler, D. J. (2006) Dengue/dengue haemorrhagic fever: history and current 

status. Novartis Found Symp 277:3-16; discussion 16-22, 71-3, 251-253. 

15. Guzman, M. G., and G. Kouri. (2002) Dengue: an update. Lancet Infect Dis., 2, 

33-42. 

16. Halstead, S. B. (2007) Dengue. Lancet, 370, 1644-1652. 

17. Senior, K. (2007) Dengue fever: what hope for control? Lancet Infect Dis., 7, 636. 

18. Benedict, M. Q., R. S. Levine, W. A Hawley, and L. P. Lounibos. (2007) Spread 

of the tiger: global risk of invasion by the mosquito Ae. albopictus. Vector Borne 

Zoonotic Dis., 7, 76-85. 

19. Moore, C. G., and C. J. Mitchell. (1997) Ae. albopictus in the United States: ten-

year presence and public health implications. Emerg Infect. Dis., 3, 329-334. 

20. Morens, D. M., and A. S. Fauci. (2008) Dengue and hemorrhagic fever: a 

potential threat to public health in the United States. Jama, 299, 214-216. 

21. 2007. Dengue hemorrhagic fever--U.S.-Mexico border, 2005. MMWR Morb 

Mortal Wkly Rep., 56, 785-789. 

22. Effler, P. V., L. Pang, P. Kitsutani, et al.  (2005) Dengue fever, Hawaii, 2001-

2002. Emerg. Infect. Dis., 11, 742-749. 

23. Chambers, T. J., C. S. Hahn, R. Galler, and C. M Rice. (1990) Flavivirus genome 

organization, expression, and replication. Annu. Rev. Microbiol., 44, 649-688. 

24. Lindenbach, B. D., and C. M. Rice. (2003) Molecular biology of flaviviruses. 

Adv. Virus Res., 59, 23-61. 

25. Mukhopadhyay, S., R. J. Kuhn, and M. G. Rossmann. (2005) A structural 

perspective of the flavivirus life cycle. Nat. Rev. Microbiol., 3, 13-22. 

26. Gubler, D. J. (1998) Dengue and dengue hemorrhagic fever. Clin. Microbiol. 

Rev., 11, 480-496. 

27. Monath, T. P. (2007) Dengue and yellow fever--challenges for the development 

and use of vaccines. N. Engl. J. Med., 357, 2222-2225. 

28. Whitehead, S. S., J. E. Blaney, A. P. Durbin, and B. R. Murphy. (2007) Prospects 

for a dengue virus vaccine. Nat. Rev. Microbiol., 5, 518-528.  

29. Blaney, J. E., Jr., J. M. Matro, B. R. Murphy, and S. S. Whitehead. (2005) 

Recombinant, live-attenuated tetravalent dengue virus vaccine formulations 

induce a balanced, broad, and protective neutralizing antibody response against 

each of the four serotypes in rhesus monkeys. J. Virol., 79, 5516-5528. 

30. Edelman, R. (2007) Dengue vaccines approach the finish line. Clin Infect Dis 45 

Suppl 1, S56-60. 

31. Konishi, E., S. Kosugi, and J. Imoto. (2006) Dengue tetravalent DNA vaccine 

inducing neutralizing antibody and anamnestic responses to four serotypes in 

mice. Vaccine, 24, 2200-2207. 



111 

 

32. Koraka, P., S. Benton, G. van Amerongen, K. J. Stittelaar, and A. D. Osterhaus. 

(2007) Efficacy of a live attenuated tetravalent candidate dengue vaccine in naive 

and previously infected cynomolgus macaques. Vaccine, 25, 5409-5416. 

33. Hannon, G.J. (2002) RNA interference. Nature, 418, 244-251. 

34. Tomari, Y. and P.D. Zamore. (2005) Perspective: machines for RNAi. Genes 

Dev., 19, 517-529. 

35. Baulcombe, D. (2005) RNA silencing. Trends Biochem. Sci., 30, 290-293. 

36. Cogoni, C., and G. Macino. (2000) Post-transcriptional gene silencing across 

kingdoms. Curr. Opin. Genet. Dev., 10, 638-643. 

37. Fire, A. (1999) RNA-triggered gene silencing. Trends Genet., 15, 358-363. 

38. Fire, A., S. Xu, M. K. Montgomery, S. A. Kostas, S. E. Driver, and C. C. Mello. 

(1998) Potent and specific genetic interference by double-stranded RNA in 

Caenorhabditis elegans. Nature,  391, 806-811. 

39. Hannon, G. J. (2002) RNA interference. Nature 418, 244-251. 

40. Elbashir, S. M., W. Lendeckel, and T. Tuschl. (2001) RNA interference is 

mediated by 21- and 22-nucleotide RNAs. Genes Dev., 15, 188-200. 

41. Hamilton, A. J., and D. C. Baulcombe. (1999) A species of small antisense RNA 

in posttranscriptional gene silencing in plants. Science, 286, 950-952. 

42. Lagos-Quintana, M., R. Rauhut, W. Lendeckel, and T. Tuschl. (2001) 

Identification of novel genes coding for small expressed RNAs. Science, 294, 

853-858. 

43. Lau, N. C., L. P. Lim, E. G. Weinstein, and D. P. Bartel. (2001) An abundant 

class of tiny RNAs with probable regulatory roles in Caenorhabditis elegans. 

Science, 294, 858-862. 

44. Lee, R. C., and V. Ambros. (2001) An extensive class of small RNAs in 

Caenorhabditis elegans. Science, 294, 862-864. 

45. Lee, Y., C. Ahn, J. Han, H. Choi, J. Kim, J. Yim, J. Lee, P. Provost, O. Radmark, 

S. Kim, and V. N. Kim. (2003) The nuclear RNase III Drosha initiates microRNA 

processing. Nature,  425, 415-419. 

46. Lee, Y., K. Jeon, J. T. Lee, S. Kim, and V. N. Kim. (2002) MicroRNA 

maturation: stepwise processing and subcellular localization. Embo J., 21, 4663-

4670. 

47. Yeung, M.L. Y. Bennasser, T. G. Myers, et al. (2005) Changes in microRNA 

expression profiles in HIV-1-transfected human cells. Retrovirology, 2, 81. 

48. Cullen, B.R. (2006) Viruses and microRNAs. Nat. Genet., 38 (Suppl.), S25–S30. 

49. Lee, Y.S., K. Nakahara, J.W. Pham, K. Kim, Z. He, E.J. Sontheimer and R.W. 

Carthew. (2004) Distinct roles for Drosophila Dicer-1 and Dicer-2 in the 

siRNA/miRNA silencing pathways. Cell, 117, 69-81. 



112 

 

50. Okamura, K., A. Ishizuka, H. Siomi and M.C. Siomi. (2004) Distinct roles for 

Argonaute proteins in small RNA-directed RNA cleavage pathways. Genes Dev., 

18, 1655-1666. 

51. Bernstein, E., A.A. Caudy, S.M. Hammond and G.J. Hannon. (2001) Role for a 

bidentate ribonuclease in the initiation step of RNA interference. Nature, 409, 

363-366. 

52. Hammond, S.M., S. Boettcher, A. A. Caudy, R. Kobayashi and G. J. Hannon. 

(2001) Argonaute2, a link between genetic and biochemical analyses of RNAi. 

Science, 293, 1146-1150. 

53. Hammond, S.M., E. Bernstein, D. Beach and G. J. Hannon. (2000) An RNA-

directed nuclease mediates post-transcriptional gene silencing in Drosophila cells. 

Nature, 404, 293-296. 

54. Liu, J., M. A. Carmell, F. V. Rivas, C.G. Marsden, J. M. Thomson, J. J. Song, S. 

M. Hammond, L. Joshua-Tor and G. J. Hannon. (2004) Argonaute2 is the 

catalytic engine of mammalian RNAi. Science, 305, 1437-1441. 

55. Denli, A. M., B. B. Tops, R. H. Plasterk, R. F. Ketting and G. J. Hannon. (2004) 

Processing of primary microRNAs by the Microprocessor complex. Nature, 432, 

231-235. 

56. Jiang, F., X. Ye, X. Liu, L. Fincher, D. McKearin and Q. Liu. (2005) Dicer-1 and 

R3D1-L catalyze microRNA maturation in Drosophila. Genes Dev., 19, 1674-

1679. 

57. Krek, A. D. Grün, M. N. Poy, et al. (2005) Combinatorial microRNA target 

predictions. Nat. Genet. , 37, 495–500. 

58. Galiana-Arnoux, D., C. Dostert, A. Schneemann, J. A. Hoffmann, and J. L. Imler. 

(2006) Essential function in vivo for Dicer-2 in host defense against RNA viruses 

in Drosophila. Nature Immunology, 7, 590–597. 

59. van Rij, R. P.,   M-C. Saleh, B. Berry, C. Foo, A. Houk, C. Antoniewski, and R. 

Andino. (2006) The RNA silencing endonuclease Argonaute 2 mediates specific 

antiviral immunity in Drosophila melanogaster. Genes & Dev. 20, 2985-2995. 

60. Wang, X. H., R. Aliyari, W. X. Li, H.W. Li, K. Kim, R. Carthew, P. Atkinson and 

S.W. Ding. (2006) RNA interference directs innate immunity against viruses in 

adult Drosophila. Science, 312, 452-454. 

61. Zambon, R. A., V. N. Vakharia, L. P. Wu. (2006) RNAi is an antiviral immune 

response against a dsRNA virus in Drosophila melanogaster. Cellular 

Microbiology, 8 (5), 880–889. 

62. Lu, R. M. Maduro, F. Li, H. W. Li, G. Broitman-Maduro, W. X. Li, and S.W. 

Ding. (2006) Animal virus replication and RNAi-mediated antiviral silencing in 

Caenorhabditis elegans. Nature, 436, 1040-1043. 

http://genesdev.cshlp.org/search?author1=Ronald+P.+van+Rij&sortspec=date&submit=Submit
http://genesdev.cshlp.org/search?author1=Maria-Carla+Saleh&sortspec=date&submit=Submit
http://genesdev.cshlp.org/search?author1=Bassam+Berry&sortspec=date&submit=Submit
http://genesdev.cshlp.org/search?author1=Catherine+Foo&sortspec=date&submit=Submit
http://genesdev.cshlp.org/search?author1=Andrew+Houk&sortspec=date&submit=Submit
http://genesdev.cshlp.org/search?author1=Christophe+Antoniewski&sortspec=date&submit=Submit
http://genesdev.cshlp.org/search?author1=Raul+Andino&sortspec=date&submit=Submit
http://onlinelibrary.wiley.com/doi/10.1111/cmi.2006.8.issue-5/issuetoc


113 

 

63. Schott, D. H., D. K. Cureton, S. P. Whelan, and C. P. Hunter. (2005) An antiviral 

role for the RNA interference machinery in Caenorhabditis elegans. Proc. Natl. 

Acad. Sci. USA, 102(51), 18420–18424. 

64. Wilkins, C., R. Dishongh, S. C. Moore et al. (2005) RNA interference is an 

antiviral defence mechanism in Caenorhabditis elegans. Nature, 436, 1044–1047. 

65. Segers, G.C., X. Zhang, F. Deng, Q. Sun and D. L. Nuss. (2007) Evidence that 

RNA silencing functions as an antiviral defence mechanism in fungi. Proc. Natl. 

Acad. Sci. USA., 104, 12902–12906.  

66. Hammond, T. M., Bok, J. W., Andrewski, M. D.,  Reyes-Domínguez, Y., 

Scazzocchio, C., and  N. P. Keller. (2008) RNA Silencing Gene Truncation in the 

Filamentous Fungus Aspergillus nidulans. Eukaryotic Cell, 7 (2), 339-349. 

67. Li, H.W., and S.W. Ding. (2005) Antiviral silencing in animals. FEBS Lett., 579, 

5965-5973. 

68. Saito, K., A. Ishizuka, H. Siomi and M. C. Siomi. (2005) Processing of pre-

microRNAs by the Dicer-1-Loquacious complex in Drosophila cells. PLoS Biol., 

3, e235. 

69. Liu, X., J. K. Park, F. Jiang, Y. Liu, D. McKearin and Q. Liu. (2007) Dicer-1, but 

not Loquacious, is critical for assembly of miRNA-induced silencing complexes. 

RNA, 13, 2324-2329. 

70. Wang, M. B. and M. Metzlaff. (2005) RNA silencing and antiviral defense in 

plants. Curr. Opin. Plant Biol., 8, 216-222. 

71. Ding, S. W. and O. Voinnet. (2007) Antiviral immunity directed by small RNAs. 

Cell, 130, 413-426. 

72. Campbell, C. L. K. M. Keene, D. E. Brackney, K.E. Olson, C. D. Blair, J. Wilusz 

and B. D. Foy. (2008) Ae. aegypti uses RNA interference in defense against 

Sindbis virus infection. BMC Microbiol., 8, 47. 

73. Campbell, C. L., W. C. T. Black, A. M. Hess and B. D. Foy. (2008) Comparative 

genomics of small RNA regulatory pathway components in vector mosquitoes. 

BMC Genomics, 9, 425. 

74. Aliyari, R. and S.W. Ding. (2009) RNA-based viral immunity initiated by the 

Dicer family of host immune receptors. Immunol. Rev., 227, 176-188. 

75. Aliyari, R., Q. Wu, H. W. Li, X. H. Wang, F. Li, L. D. Green, C. S. Han, W. X. Li 

and S. W. Ding. (2008) Mechanism of induction and suppression of antiviral 

immunity directed by virus-derived small RNAs in Drosophila. Cell Host & 

Microbe, 4, 387-397. 

76. Li, W. X., H. W. Li, R. Lu, F. Li, M. Dus, P. Atkinson, E.W. Brydon, K. L. 

Johnson, A. Garcia-Sastre, L. A. Ball, et al. (2004) Interferon antagonist proteins 

of influenza and vaccinia viruses are suppressors of RNA silencing. Proc. Natl. 

Acad. Sci. USA., 101, 1350-1355. 

http://www.pnas.org/search?author1=Daniel+H.+Schott&sortspec=date&submit=Submit
http://www.pnas.org/search?author1=David+K.+Cureton&sortspec=date&submit=Submit
http://www.pnas.org/search?author1=Sean+P.+Whelan&sortspec=date&submit=Submit
http://www.pnas.org/search?author1=Craig+P.+Hunter&sortspec=date&submit=Submit
http://ec.asm.org/search?author1=T.+M.+Hammond&sortspec=date&submit=Submit
http://ec.asm.org/search?author1=J.+W.+Bok&sortspec=date&submit=Submit
http://ec.asm.org/search?author1=M.+D.+Andrewski&sortspec=date&submit=Submit
http://ec.asm.org/search?author1=Y.+Reyes-Dom%C3%ADnguez&sortspec=date&submit=Submit
http://ec.asm.org/search?author1=C.+Scazzocchio&sortspec=date&submit=Submit
http://ec.asm.org/search?author1=N.+P.+Keller&sortspec=date&submit=Submit


114 

 

77. Li, W. X. and S. W. Ding. (2001) Viral suppressors of RNA silencing. Curr. 

Opin. Biotechnol., 12, 150-154. 

78. Li, F., and S. W. Ding. (2006) Virus counterdefense: diverse strategies for 

evading the RNA-silencing immunity. Annu. Rev. Microbiol., 60, 503-531. 

79. Singh, G., S. Popli, Y. Hari, P. Malhotra, S. Mukherjee and R. K. Bhatnagar 

(2009) Suppression of RNA silencing by Flock house virus B2 protein is 

mediated through its interaction with the PAZ domain of Dicer. Faseb J., 23, 

1845-1857. 

80. Chotkowski H. L., A. T. Ciota, Y. Jia, F. Puig-Basagoiti, L.D. Kramer, et al. 

(2008) West Nile virus infection of Drosophila melanogaster induces a protective 

RNAi response. Virology 377: 197–206. 

81. Saleh, M. C., M. Tassetto, R. P. van Rij, B. Goic, V. Gausson, et al. (2009) 

Antiviral immunity in Drosophila requires systemic RNA interference spread. 

Nature, 458, 346–350. 

82. Deddouche, S., N. Matt, A. Budd, S. Mueller, C. Kemp, et al. (2008) The DExD/ 

H-box helicase Dicer-2 mediates the induction of antiviral activity in Drosophila. 

Nat. Immunol., 9, 1425–1432. 

83. Hoa, N. T., K. M. Keene, K. E. Olson, and L. Zheng. (2003) Characterization of 

RNA interference in an Anopheles gambiae cell line. Insect Biochem. Mol. Biol., 

33, 949-957.  

84. Zdobnov, E. M., C. von Mering, I. Letunic, D. Torrents, et al. (2002) Comparative 

genome and proteome analysis of Anopheles gambiae and Drosophila 

melanogaster. Science,  298, 149-159. 

85. Keene, K. M., B. D. Foy, I. Sanchez-Vargas, B. J. Beaty, C. D. Blair, and K. E. 

Olson. (2004) RNA interference acts as a natural antiviral response to O'nyong-

nyong virus (Alphavirus; Togaviridae) infection of Anopheles gambiae. Proc. 

Natl. Acad. Sci. USA, 101, 17240-17245. 

86. Adelman, Z. N., C. D. Blair, J. O. Carlson, B. J. Beaty, and K. E. Olson. (2001) 

Sindbis virus-induced silencing of dengue viruses in mosquitoes. Insect Mol. 

Biol., 10, 265-273. 

87. Adelman, Z. N., I. Sanchez-Vargas, E. A. Travanty, J. O. Carlson, B. J. Beaty, C. 

D. Blair, and K. E. Olson. (2002) RNA silencing of dengue virus type 2 

replication in transformed C6/36 mosquito cells transcribing an inverted-repeat 

RNA derived from the virus genome. J. Virol., 76, 12925-12933. 

88. Franz, A. W., I. Sanchez-Vargas, Z. N. Adelman, C. D. Blair, B. J. Beaty, A. A. 

James, and K. E. Olson. (2006) Engineering RNA interference-based resistance to 

dengue virus type 2 in genetically modified Ae. aegypti. Proc. Natl. Acad. 

Sci.USA., 103, 4198-4203. 

89. Fritz, J. H., S. E. Girardin, and D. J. Philpott. (2006) Innate immune defense 

through RNA interference. Sci. STKE 2006, pe27. 



115 

 

90. Dostert, C., E. Jouangury, P. Irvin, L. Troxler, D. Galiana-arnoux, C. Hetru, J. A. 

Hoffmann, and J-L. Imler. (2005) The Jak-STAT signaling pathway is required 

but not sufficient for the antiviral response of Drosophila. Nature Immunology, 6 

(9), 946-952. 

91. Zambon, R. A., M. Nandakumar, V. N.Vakharia and L. P. Wu. (2005) The Toll 

pathway is important for an antiviral response in Drosophila. Proc. Natl. Acad. 

Sci. USA., 102 (20), 7257-7262. 

92. Gregorio, E. D., P. T. Spellman, G. M. Rubin, and B. Lemaitre. (2001) Genome-

wide analysis of the Drosophila immune response by using oligonucleotide 

microarrays. Proc. Natl. Acad. Sci. USA., 98(22), 12590-12595. 

93. Alexandre, C., J. Eric, S. Peter, and S. David. (2009) The Imd pathway is 

involved in antiviral immune responses in Drosophila. PLoS One, 4(10), e7436. 

94. Li, H. W., W. X. Li, and S. W. Ding. (2002) Induction and suppression of RNA 

silencing by an animal virus. Science, 296(5571), 1319-1321. 

95. Yang, B., and H. W. Li. (2011) Dicer assay in Drosophila S2 cell extract. 

Methods Mol. Biol., 721, 215-229. 

96. Nene, V., J. R. Wortman, D. Lawson et al. (2007) Genome Sequence of Ae. 

aegypti, a Major Arbovirus Vector. Science, 316 (5832), 1718-1723.  

97. Perera, R., C. Riley, G. Isaac, A. S. Hopf-Jannasch, R. J. Moore, et al. (2012) 

Dengue Virus Infection Perturbs Lipid Homeostasis in Infected Mosquito Cells. 

PLoS Pathog., 8(3), e1002584. doi:10.1371/journal.ppat.1002584. 

98. Hicke, L. and R. Schekman. (1989) Yeast Sec23p acts in the cytoplasm to 

promote protein transport from the endoplasmic reticulum to the Golgi complex 

in vivo and in vitro. The EMBO J., 8(6), 1677 – 1684. 

99. Hicke, L., T.Yoshihisa, and R. Schekman. (1992) Sec23p and a Novel 105-kDa 

Protein Function as a Multimeric Complex to Promote Vesicle Budding and 

Protein Transport from the Endoplasmic Reticulum. Molecular Biology of the 

Cell, 3, 667-676 

100. Cai, H.,  S. Yu, S. Menon, et al. (2007) TRAPPI tethers COPII vesicles by 

binding the coat subunit Sec23. Nature, 445, 941-944 

101. Chae, H.Z., K. Robison, L. B. Poole, G. Church, G. Storz, S.G. Rhee. (1994) 

Cloning and sequencing of thiol-specific antioxidant from mammalian brain: 

alkyl hydroperoxide reductase and thiol-specific antioxidant define a large family 

of antioxidant enzymes. Proc. Natl. Acad. Sci. USA., 91, 7017–7021. 

102. Leyens, G., I. Donnay, and B. Knoops. (2003) Cloning of bovine peroxiredoxins-

gene expression in bovine tissues and amino acid sequence comparison with rat, 

mouse and primate peroxiredoxins. Comp. Biochem. Physiol. Part B: Biochem. 

Mol. Biol. 136, 943–955. 

103. Wood, Z. A., E. Schroder, J. R. Harris, L. B. Poole. (2003) Structure, mechanism 

and regulation of peroxiredoxins. Trends Biochem. Sci., 28, 32-40. 

http://www.pnas.org/search?author1=Ennio+De+Gregorio&sortspec=date&submit=Submit
http://www.pnas.org/search?author1=Paul+T.+Spellman&sortspec=date&submit=Submit
http://www.pnas.org/search?author1=Gerald+M.+Rubin&sortspec=date&submit=Submit
http://www.pnas.org/search?author1=Bruno+Lemaitre&sortspec=date&submit=Submit
http://www.sciencemag.org/search?author1=Vishvanath+Nene&sortspec=date&submit=Submit
http://www.sciencemag.org/search?author1=Jennifer+R.+Wortman&sortspec=date&submit=Submit
http://www.sciencemag.org/search?author1=Daniel+Lawson&sortspec=date&submit=Submit


116 

 

104. David, E.,  A. Tanguy, and D. Moraga. (2007) Peroxiredoxin 6 gene: A new 

physiological and genetic indicator of multiple environmental stress response in 

Pacific oyster Crassostrea gigas. Aquatic Toxicology, 84, 389–398 

105. Finbow, M. E., and M. A. Harrison. (1997). The vacuolar H+-ATPase: a universal 

proton pump of eukaryotes. Biochem. J., 324, 697-712 

106. Nelson, N., and L. Taiz. (1989) The evolution of H+-ATPases. Trends Biochem. 

Sci., 14, 113–116. 

107. Mellman, I. (1992) The importance of being acid: the role of acidification in 

intracellular membrane traffic. J. Exp. Biol., 172, 39–45. 

108. Dow, J. A. T. (1999) The Multifunctional Drosophila melanogaster V-ATPase Is 

Encoded by a Multigene Family. J. of Bioenergetics and Biomembranes, 31(1), 

75-83 

109. Blobel, G. (1973) A protein of molecular weight 78,000 bound to the 

polyadenylate region of eukaryotic messenger RNAs. Proc. Natl. Acad. Sci. 

USA., 70, 924–928. 

110. Imataka, H., A. Gradi, N. Sonenberg. (1998) A newly identified N-terminal amino 

acid sequence of human eIF4G binds poly(A)-binding protein and functions in 

poly(A)-dependent translation. EMBO J., 17, 7480–7489. 

111. Le, H., R. L. Tanguay, M. L. Balasta, C-C. Wei, K. S. Browning, A. M. Metz, D. 

J. Goss, D.R. Gallie. (1997) Translation initiation factors eIF-iso4G and eIF-4B 

interact with the poly (A)-binding protein and increase its RNA binding activity. 

J. Biol. Chem., 272, 16247–16255. 

112. Borman, A. M., Y. M. Michel, and K. M. Kean. (2000) Biochemical 

characterization of cap-poly(A) synergy in rabbit reticulocyte lysates: the eIF4G-

PABP interaction increases the functional affinity of eIF4E for the capped mRNA 

5’-end. Nucleic Acids Res., 28, 4068–4075. 

113. Kahvejian, A., Y. V. Svitkin, R. Sukarieh, M-N. M’Boutchou, N. Sonenberg. 

(2005) Mammalian poly(A)-binding protein is a eukaryotic translation initiation 

factor, which acts via multiple mechanisms. Genes & Dev., 19, 104–113. 

114. Luo, Y. and D. J. Goss. (2001) Homeostasis in mRNA Initiation: wheat germ 

poly(A)-binding protein lowers the activation energy barrier to initiation complex 

formation. J. Biol. Chem., 276, 43083–43086. 

115. Wei, C-C., M. L. Balasta, J. Ren, and D. J. Goss. (1998) Wheat germ poly(A) 

binding protein enhances the binding affinity of eukaryotic initiation factor 4F 

and (iso)4F for cap analogues. Biochemistry, 37, 1910–1916. 

116. Joachims, M., P. C. Van Breugel, R. E. Lloyd. (1999) Cleavage of poly(A)- 

binding protein by enterovirus proteases concurrent with inhibition of translation 

in vitro. J. Virol., 73, 718–727. 

117. Kuyumcu-Martinez, N. M., M. E. Van Eden, P. Younan, R. E. Lloyd. (2004) 

Cleavage of poly(A)-binding protein by poliovirus 3C protease inhibits host cell 

http://www.biochemj.org.eres.library.manoa.hawaii.edu/bj/324/bj3240697.htm
http://www.biochemj.org.eres.library.manoa.hawaii.edu/bj/324/bj3240697.htm
http://www.sciencedirect.com.eres.library.manoa.hawaii.edu/science/article/pii/0968000489901345


117 

 

translation: a novel mechanism for host translation shutoff. Mol. Cell. Biol.,  24, 

1779–1790. 

118. Dobrikova, E., M. Shveygert, R. Walters, M. Gromeier. (2010) Herpes simplex 

virus proteins ICP27 and UL47 associate with polyadenylate binding protein and 

control its subcellular distribution. J. Virol., 84, 270–279. 

119. Salaun, C., A.I. MacDonald, O. Larralde, L. Howard, K. Lochtie, H.M. Burgess, 

M. Brook, P. Malik, N. K. Gray, S.V. Graham. (2010) Poly (A)-binding protein 1 

partially relocalizes to the nucleus during herpes simplex virus type 1 infection in 

an ICP27-independent manner and does not inhibit virus replication. J. Virol., 84, 

8539–8548. 

120. Harb, M., M. M. Becker, D. Vitour, C.H. Baron, P. Vende, S. C. Brown, S. Bolte, 

S. T. Arold, D. Poncet. (2008) Nuclear localization of cytoplasmic poly(A)-

binding protein upon rotavirus infection involves the interaction of NSP3 with 

eIF4G and RoXaN. J. Virol., 82, 11283–11293. 

121. Piron, M., P. Vende, J. Cohen, D. Poncet. (1998) Rotavirus RNA-binding protein 

NSP3 interacts with eIF4GI and evicts the poly (A) binding protein from eIF4F. 

EMBO J., 7, 5811–5821. 

122. Lee, Y. J., and B. A. Glaunsinger. (2009) Aberrant herpesvirus-induced 

polyadenylation correlates with cellular messenger RNA destruction. PLoS Biol.,  

7, e1000107. doi:10.1371/journal.pbio.1000107. 

123. Copeland, A. M., L. A. Altamura, and N. M. Van. (2013) Nuclear Relocalization 

of Polyadenylate Binding Protein during Rift Valley Fever Virus Infection 

Involves Expression of the NSs Gene J. Virol., 87(21), 11659. DOI: 

10.1128/JVI.01434-13. 

124. Ridley,  A. J. (2001) Rho family proteins: coordinating cell responses. Trends in 

Cell Biol., 11, 471–477. 

125. Boureux, A., E. Vignal, S. Faure, and P. Fort. (2007) "Evolution of the Rho 

family of ras-like GTPases in eukaryotes". Mol. Biol. Evol., 24 (1), 203–216.  

126. Bustelo, X. R., V. Sauzeau, and I. M. Berenjeno. (2007) "GTP-binding proteins of 

the Rho/Rac family: regulation, effectors and functions in vivo". BioEssays, 29 

(4), 356–370. 

127. Brennecke, J., A. Stark, R. B. Russell, and S. M. Cohen. (2005) Principles of 

microRNA-target recognition. PLoS Biol., 3, e85. 

128. Grimson, A. et al. (2007) MicroRNA targeting specificity in mammals: 

determinants beyond seed pairing. Mol. Cell, 27, 91–105. 

129. Lewis, B. P., I. H. Shih, M. W. Jones-Rhoades, D. P. Bartel, and C. B. Burge.  

(2003) Prediction of mammalian microRNA targets. Cell, 115, 787–798. 

130. Waterhouse, P. M., M. B. Wang, and T. Lough. (2001) Gene silencing as an 

adaptive defence against viruses. Nature, 411, 834–842.  



118 

 

131. Voinnet, O. (2001) RNA silencing as a plant immune system against viruses. 

Trends Genet., 17, 449–459. 

132. Sullivan, C. S., and D. Ganem. (2005) A virus-encoded inhibitor that blocks RNA 

interference in mammalian cells. J Virol., 79, 7371-7379. 

133. Liu, Q., T. A. Rand, S. Kalidas, F. Du, H. E. Kim, D. P. Smith, and X. Wang. 

(2003) R2D2, a bridge between the initiation and effector steps of the Drosophila 

RNAi pathway. Science, 301, 1921-1925. 

134. Morazzani, E.M.,  M. R. Wiley, M. G. Murreddu, Z. N. Adelman, K. M. Myles. 

(2012) Production of virus-derived ping-pong-dependent piRNA-like small RNAs 

in the mosquito soma. PLoS Pathog., 8, e1002470. 

135. Sanchez-Vargas, I., J. C. Scott, B. K. Poole-Smith, A. W. Franz, V. Barbosa-

Solomieu, J. Wilusz, K. E. Olson, C. D. Blair. (2009) Dengue virus type 2 

infections of Ae. aegypti are modulated by the mosquito's RNA interference 

pathway. PLoS Pathog., 5, e1000299. 

136. Konet, D.S. J. Anderson, J. Piper, R. Akkina, E. Suchman, J. Carlson. (2007) 

Short-hairpin RNA expressed from polymerase III promoters mediates RNA 

interference in mosquito cells. Insect Mol. Biol., 16, 199-206. 

137. Cirimotich, C.M., J. C. Scott, A. T. Phillips, B. J. Geiss, K. E. Olson. (2009) 

Suppression of RNA interference increases alphavirus replication and virus-

associated mortality in Ae. aegypti mosquitoes. BMC Microbiol., 9, 49. 

138. Liu, X., F. Jiang, S. Kalidas, D. Smith, and Q. Liu. (2006) Dicer-2 and R2D2 

coordinately bind siRNA to promote assembly of the siRISC complexes. RNA, 

12, 1514-1520. 

139. Forstemann, K., M. D. Horwich, L. Wee, Y. Tomari, P. D. Zamore. (2007) 

Drosophila microRNAs are sorted into functionally distinct argonaute complexes 

after production by dicer-1. Cell, 130(2), 287-297. 

140. Boutros, M., A. A. Kiger, S. Armknecht, K. Kerr, M. Hild, B. Koch, S. A. Haas, 

R. Paro, N. Perrimon. (2004) Genome-wide RNAi analysis of growth and 

viability in Drosophila cells. Science, 303(5659):832-835.  

141. Brown, A. E., A. Crisanti, and F. Catteruccia. (2003) Comparative analysis of 

DNA vectors at mediating RNAi in Anopheles mosquito cells and larvae. J. Exp. 

Biol., 206, 1817-1823.  

142. Shi, H., A. Djikeng, T. Mark, E. Wirtz, C. Tschudi, E. Ullu. (2000) Genetic 

interference in Trypanosoma brucei by heritable and inducible double-stranded 

RNA. RNA, 6(7):1069-1076. 

143. Echeverri, C.,J., and N. Perrimon. (2006) High-throughput RNAi screening in 

cultured cells: a user's guide. Nat. Rev. Genet., 7(5), 373-384. 

144. Miyoshi, K., T. Miyoshi, J. V. Hartig, H. Siomi, M .C. Siomi. (2010) Molecular 

mechanisms that funnel RNA precursors into endogenous small-interfering RNA 

and microRNA biogenesis pathways in Drosophila. RNA, 16, 506-515 



119 

 

145. Kohl, A., T. J. Hart, C. Noonan, E. Royall, L.O. Roberts, R. M. Elliott. (2004) A 

bunyamwera virus minireplicon system in mosquito cells. J. Virol., 78(11), 5679-

5685. 

146. Johnson, K. L., and L. A. Ball. (1999) Induction and maintenance of autonomous 

flock house virus RNA1 replication. J. Virol., 73(10), 7933-7942. 

147. Johnson, K. L., and L. A. Ball. (1997) Replication of flock house virus RNAs 

from primary transcripts made in cells by RNA polymerase II. J. Virol., 71(4), 

3323-3327. 

148. Hartvig, L., and J. Christiansen. (1996) Intrinsic termination of T7 RNA 

polymerase mediated by either RNA or DNA. EMBO J., 15(17), 4767-4774. 

149. Guo, H., M. Karberg, M. Long, J. P. Jones 3rd, B. Sullenger, A. M. Lambowitz. 

(2000) Group II introns designed to insert into therapeutically relevant DNA 

target sites in human cells. Science, 289(5478), 452-457. 

150. Lu, R., M. Maduro, F. Li, H. W. Li, G. Broitman-Maduro, W. X. Li, S. W. Ding. 

(2005) Animal virus replication and RNAi-mediated antiviral silencing in 

Caenorhabditis elegans. Nature, 436(7053), 1040-1043. 

151. Johnson, K. L., B. D. Price, and L. A. Ball. (2003) Recovery of infectivity from 

cDNA clones of nodamura virus and identification of small nonstructural 

proteins. Virology, 305(2), 436-451. 

152. Ball, L. A., J. M. Amann, and B. K. Garrett. (1992) Replication of nodamura virus 

after transfection of viral RNA into mammalian cells in culture. J. Virol., 66(4), 

2326-2334. 

153. Iwasaki, S., T. Kawamata, and Y. Tomari. (2009) Drosophila argonaute1 and 

argonaute2 employ distinct mechanisms for translational repression. Mol. Cell., 

34(1), 58-67. 

154. Sessions, O. M., N. J. Barrows, J. A. Souza-Neto, et al. (2009) Discovery of 

insect and human dengue virus host factors. Nature, 458, 1047-1050 

155. Lu, R., I. Malcuit, P. Moffett, M. T. Ruiz, J. Peart, A. J. Wu, J. P. Rathjen, A. 

Bendahmane, L. Day, D.C. Baulcombe. (2003) High throughput virus-induced 

gene silencing implicates heat shock protein 90 in plant disease resistance. EMBO 

J., 22(21), 5690-5699. 

156. Meister, G., and T. Tuschl. (2004) Mechanisms of gene silencing by double-

stranded RNA. Nature, 431, 343-349. 

157. Kim, J. K., H. W. Gabel, R. S. Kamath, M. et al. (2005) Functional genomic 

analysis of RNA interference in C. elegans. Science, 308(5725), 1164-1167. 

158. Foley, E., and P. H. O'Farrell. (2004) Functional dissection of an innate immune 

response by a genome-wide RNAi screen. PLoS Biol., 2(8), E203. 

159. Cullen, L. M., and G.M. Arndt. (2005) Genome-wide screening for gene function 

using RNAi in mammalian cells. Immunol. Cell. Biol., 83(3), 217-223. 

http://www.nature.com/nature/journal/v431/n7006/full/nature02873.html
http://www.nature.com/nature/journal/v431/n7006/full/nature02873.html


120 

 

160. Timmons, L., and A. Fire. (1998) Specific interference by ingested dsRNA. 

Nature , 395(6705), 854. 

161. Maduro, M.F., M. Gordon, R. Jacobs, and D. B. Pilgrim. (2000) The Unc119 

family of neural proteins is functional conserved between humans, Drosophila 

and C. elegans. J. Neurogenetics, 13 (4), 191-212 

162. Manning, A. G., B. D. Crawford, A. J. Waskiewicz and D.B. Pilgrim. (2004) 

unc119 homolog required for normal development of the zebrafish nervous 

system. Genesis, 40, 223-230. 

163. Maduro, M., and D. B. Pilgrim. (1995) Identification and cloning of unc-119, a 

gene expressed in the Caenorhabditis elegans nervous system. Genetics, 141, 

977-988. 

164. Gorska, M.M., S. J. Stafford, O. Cen, S. Sur,  and R. Alam. (2004) Unc119, a 

Novel Activator of Lck/Fyn, Is Essential for T Cell Activation, J. Exp. Med., 

199(3), 369-379 

165. Zhang, H., R. Constantine, S. Vorobiev,  et al. (2011) Unc119 is required for G 

protein trafficking in sensory neurons. Nature Neuroscience, 14 (7), 874-880. 

166. Vepachedu, R., M. M. Gorska, N. Singhania, et al. (2007)  Unc119 Regulates 

Myofibroblast Differentiation through the Activation of Fyn and the p38 MAPK 

Pathway. J. Immunol., 179, 682-690. 

167. Rao, A. (1994) NF-ATp: a transcription factor required for the co-ordinate 

induction of several cytokine genes. Immunol. Today, 15, 274–81 

168. Crabtree, G. R., and N.A. Clipstone. (1994) Signal transmission between the 

plasma membrane and nucleus of T-lymphocytes. Annu. Rev. Biochem., 63, 

1045–1083 

169. Jain, J., C. Loh, A. Rao. (1995) Transcriptional regulation of the interleukin 2 

gene. Curr. Opin. Immunol. 7, 333–342 

170. Serfling, E., A. Avots, and M. Neumann. (1995) The architecture of the 

interleukin-2 promoter: a reflection of T lymphocyte activation. Biochem. 

Biophys. Acta., 1263, 181–200  

171. Keyser, P., K. Borge-Renberg, and D. Hultmark. (2007) The Drosophila NFAT 

homolog is involved in salt stress tolerance. Insect Bioch. Mol Biol., 37, 356-362. 

172. Gwack, Y., S. Sharma, J. Nardone, B. Tanasa, A. Iuga, S. Srikanth, H. Okamura, 

D. Bolton, S. Feske, P. G. Hogan, A. Rao. (2006) A genome-wide Drosophila 

RNAi screen identifies DYRK-family kinases as regulators of NFAT. Nature, 

441, 646-650. 

173. Hogan, P. G., L. Chen, J. Nardone, & A. Rao. (2003) Transcriptional regulation 

by calcium, calcineurin, and NFAT. Genes Dev. 17, 2205–-2232.  



121 

 

174. A´da´, C., L. Henn, M. Miskei, M. Erde´lyi, P. Friedrich, V. Dombra´di. (2010) 

Conservation of male-specific expression of novel phosphoprotein phosphatases 

in Drosophila. Dev. Genes Evol., 220, 123–128. 

175. Snaith,  H. A., C. G. Armstrong, Y. Guo, K. Kaiser, P. T. W. Cohen. (1996) 

Deficiency of protein phosphatase 2A uncouples the nuclear and centrosome 

cycles and prevents attachment of microtubules to the kinetochore in Drosophila 

microtubule star (mts) embryos. J. Cell Sci., 109, 3001–3012. 

176. Brewis, N. D., A. J. Street, A. R. Prescott, P. T. Cohen. (1993) PPX, a novel 

protein serine/threonine phosphatase localized to centrosomes. EMBO J., 12(3), 

987–996. 

177. Mann, D. J., V. Dombra´di, P. T.Cohen. (1993) Drosophila protein phosphatase V 

functionally complements a SIT4 mutant in Saccharomyces cerevisiae and its 

aminoterminal region can confer this complementation to a heterologous 

phosphatase catalytic domain. EMBO J., 12, 4833–4842. 

178. Morrison, D. K., M. S. Murakami, V. Cleghon. (2000) Protein kinases and 

phosphatases in the Drosophila genome. J. Cell Biol., 150, 15057–15062. 

179. Steele,  F. R., T. Washburn, R. Rieger, J. E. O’Tousa. (1992) Drosophila retinal 

degeneration C (rdgC) encodes a novel serine/threonine protein phosphatase. Cell,  

69, 669–676. 

180. Miskei, M. , C. A´ da´m, L. Kova´cs, Z. Kara´nyi, V. Dombra´di. (2011) 

Molecular Evolution of Phosphoprotein Phosphatases in Drosophila. PLoS ONE 

6(7), e22218. doi:10.1371/journal.pone.0022218 

181. Chow, C. W., M. Rincon, and R. J. Davis. (1999) Requirement for transcription 

factor NFAT in interleukin-2 expression. Mol. Cell. Biol., 19 (3), 2300-2307. 

182. Lochhead, P. A., G. Sibbet, N. Morrice, & V. Cleghon. (2005) Activation-loop 

autophosphorylation is mediated by a novel transitional intermediate form of 

DYRKs. Cell, 121, 925-936. 

183. Cohen,  P. T. (1997) Novel protein serine/threonine phosphatases: variety is the 

spice of life. Trends Biochem. Sci., 22, 245–251. 

 


